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“When the work of the geologist is finished and 
is final comprehensive report written, the longest 
d most important chapter will be upon the latest 
d shortest of the geologic periods. The chapter 
ill be longest because the exceptional fullness of 
the record of the latest period will enable him to set 
orth most completely its complex history. The 

of each period—its erosion, its sedimenta- 
tion, and its metamorphism—obliterate part of the 
records of its predecessor and of all earlier periods, 
so that the order of our knowledge of them must 
continue to be, as it now is, the inverse order of 
their antiquity. 

“The great importance of the chapter on the latest 
period lies in the fact that it will contain the key for 
the decipherment of the records of the earlier... . 
It is through the study of the phenomena of the 
latest period that the connection between present 
processes of change and the products of past changes 
1s established.” 


Thus did G. K. Gilbert (1890) open his 
dassic treatise on Lake Bonneville. The im- 
portance of Pleistocene study has never been 





better stated, but the statement is inadequate 
in one important respect. It presents only the 
point of view of the geologist. Research since 
Gilbert’s day has made it clear that a full 
understanding of the last million years or more 
of geologic history cannot be attained without 
co-operative research in many fields, of which 
geology is only one, albeit perhaps the most im- 
portant one in that it provides the frame-work 
into which the results in other fields are fitted. 

Paleoanthropology and archaeology are con- 
cemed with early man—apparently a strictly 
Pleistocene animal—and his industry. Botany 
and Zoology are concerned with the various 
geographic assemblages of plants and animals 
that have preceded the present ones; their 
fields merge with those of the paleobotanist 
and the paleontologist. Climatology is con- 
cemed with the character and succession of 
dimates in Pleistocene as well as earlier times. 
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RELATIONS OF PLEISTOCENE RESEARCH, NATIONAL 
ResearcH Councin 


1. INTRODUCTION 


By RicHarp Foster FLINT 


Geomorphology interprets the origin of land 
forms, a large proportion of which are Pleisto- 
cene. From soils pedplogy draws inferences as 
to the geographic conditions under which they 
were formed. Glaciology deals with the genesis 
and properties of the various kinds of ice that 
played an important part in Pleistocene world 
history. Geography is interested in various 
aspects of these problems. 

Within the field of geology itself, Pleistocene 
research does not constitute a distinct entity. 
It is parceled out within nearly all the depart- 
ments of geologic study, notably glacial geol- 
ogy, stratigraphy, sedimentology, geomorphol- 
ogy, paleontology, and the newly arrived de- 
partment of sea-floor geology. Only one of these 
departments, glacial geology, is specifically 
oriented toward the Pleistocene. In most of 
the others, Pleistocene study is hardly more 
than an incidental part of the whole range of its 
interests. 

At least two serious practical difficulties 
hamper co-ordination and free lateral communi- 
cation among the research workers in these 
fields. One is the departmentalization of uni- 
versities, museums, and government research 
institutions, which creates invisible but effective 
bulkheads between workers and restricts the 
allocation of research funds outside the con- 
ventional, well-established channels. The other 
difficulty, just as serious, is that means of 
publication, likewise, are departmentalized, so 
that it is impossible for a research worker in- 
terested in the whole field of the Pleistocene 
to read the current literature in the field as a 
whole, or even to be aware of the existence of 
all of it. 

Hence, the student of almost any phase of 
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the Pleistocene is working at least partly in the 
dark. He is deprived of many of the available 
data within the whole field, and therefore he is 
deprived of keys that would unlock some of 
the closed doors along his own special research 
corridor. Yet in no other division of earth 
history is research intercommunication among 
many sciences as necessary as in research on the 
Pleistocene. 

As a start toward correcting this situation— 
toward creating lateral communication through 
these invisible organizational bulkheads that 
interfere with research progress—the Com- 
mittee on Interrelations of Pleistocene Re- 
search was created. Set up by the Division of 
Geology and Geography of the National Re- 
search Council in June 1947, this committee in 
cludes representatives of most of the fields of 
interest in the Pleistocene. The members of 
this group, charged with attempting to fur- 
nish the needed lateral coordination, and their 
fields of responsibility, are as follows: 

Henri Bader, Bureau of Mineral Research, 
Rutgers University (glaciology); Edward S. 
Deevey, Jr., Department of Biology, Yale 
University (biogeography); Loren C. Eiseley, 
Department of Anthropology, University of 
Pennsylvania (anthropology and new-world ar- 
chaeology); Richard Foster Flint, Department 
of Geology, Yale University, chairman of the 
Committee; Claude W. Hibbard, Museum of 
Paleontology, University of Michigan (verte- 
brate paleontology); Chauncey D. Holmes, De- 
partment of Geology, University of Missouri 
(glacial erosion and sedimentation); Helmut 
E. Landsberg, Committee on Geophysics and 
Geography, Research and Development Board, 
Washington, D. C. (meteorology and climatol- 
ogy); Hallam L. Movius, Jr., Peabody Museum 
of Archaeology and Ethnology, Harvard Uni- 
versity (old-world archaeology) ; Fred B Phleger, 
The Woods Hole Oceanographic Institution 
(oceanography and seafloor geology); Louis 
L. Ray, U. S. Geological Survey, Washington, 
D. C. (glacial stratigraphy; alpine glacial geol- 
ogy); H. T. U. Smith, Department of Geology, 
University of Kansas (Eolian features; frozen 
ground; stream terraces); and James Thorp 
Division of Soil Survey, U. S. Department of 
Agriculture, Lincoln, Nebraska (soil science). 

The whole Committee has met twice for 
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long discussions, and between the meetings af signi 


great bulk of correspondence has passed amon 
the members. Unanimously the group co, 
ceived its first task to be one of stock-taking- 
that is, to assemble the significant informatig 
we have and to make it generally available, tp 
gether with outstanding references to thelitenp j 
ture. The result is a symposium, to which th 
present paper is an introduction. The sympp 
sium constitutes a First Report to the Divisig 
of Geology and Geography, National Research} ti 
Council. 

The ultimate aim of the Committee is th 
highest possible synthesis of Pleistocene history, 
as nearly complete a historical reconstructin 
as can be made. That aim is for the future; th 
present symposium is no more than a first step 
toward it. 

There is no single key to the ultimate syn 
thesis. That can be achieved only through 
skilled and patient research in every pertinent 
field. Yet certain departments of research an 
especially significant because we think they may 
furnish keys to several locked doors. 

One is research into methods of determining 
absolute age—the age in years—of important j 
stratigraphic horizons. Research in this fieldis 
important not only inherently but because 
reasonably accurate absolute-age determim- 
tions would aid enormously in correlating phys § j 
cally discontinuous stratigraphic units, amd 
would throw light on such problems as rates 
organic evolution and the antiquity of ma 
Progress in this field was reviewed by the write 
(Flint, 1947, p. 379-406). The most promising 
line of attack seems to be that of study d 
radioactive elements. This is emphasized 
Urry (1949). It is also dramatically underline 
by the work in progress on radioactive Carbo 
14 (Libby, Anderson, and Arnold, 1949). Ifthe 
absolute date of the maximum of the Mankato 
Glacial subage can be determined by ti 
method, then, from it, rough dates can be o 
tained for several much earlier times. Thisé 
because existing time estimates for the for 
glacial-age maxima, based on degree of chemial 
decomposition of the drift sheets, are calculated 
from a wholly arbitrary assumption as to th 
date of the Mankato. (See Flint, 1947, p. 3% 
402.) 

A second field of research of specially wit . 
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ce is stratigraphic correlation in the 


d among broad sense. This field is included in several of 


the contributions to the present symposium, 
among them physical stratigraphy, paleontol- 
ogy, biogeography, climatology, and the inter- 
pretation of stream terraces. Here correlation 
is far more difficult than among pre-Pleisto- 
cene stratigraphic units, because in the Pleisto- 
cene we have many more kinds of information 
to integrate into a single chart. Climatic fluctua- 
tions play a part in Pleistocene correlation 
that is matched in no other bracket of the 
geologic column. This is one reason why Pleisto- 
cene stratigraphic correlation is not yet far 
advanced, and is the main reason why the 
world has not yet produced an overall Pleisto- 
cene stratigrapher. 

Another factor in the poor state of the present 
correlation chart, especially in Europe, is the 
wide and erroneous use that has been made of 
archaeologic data in stratigraphic correlation. 
In his contribution to this symposium, H. L. 
Movius has stated the far-reaching opinion that 
the taxonomic laws that govern the natural 
sciences do not apply to prehistoric archaeology, 
inasmuch as artifacts are not natural phe- 
nomena but rather are social documents; hence 
artifacts cannot be used as a basis of strati- 
graphic correlation, except very broadly. The 
importance of this opinion can hardly be over- 
emphasized. 

Another source of error in stratigraphic corre- 
lation hitherto has been the incautious use of 
stream terraces, which are full of pitfalls for 
the too-enthusiastic, unwary worker. Some of 
these pitfalls are set forth in the contribution 
by H. T. U. Smith. 

Probably the standard Pleistocene strati- 
graphic section will come to be represented by 
the sequence of sediments on the sea floor, 
where there has been great continuity of sedi- 
mentation both areally and in time, and where 
the great destroyer, erosion, has been at a 
minimum. The potent possibilities in this field 
are outlined in the contribution of Fred B 
Phieger, Jr. 

A third field of outstanding importance is 
the mapping and interpretation of emerged 
Pleistocene marine strand lines, which exist 
in many coastal regions but about which little 
is known. Not only are strand lines directly 
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important for stratigraphic correlation, but also 
their correct interpretation will throw much 
light upon former fluctuations of sea level, 
especially during interglacial ages. 

No member of the Committee pretends that 
this symposium is complete. Ideally, additional 
fields should be represented in it. One is in- 
vertebrate paleontology; another is the pluvial- 
lake records of regions dry under today’s cli- 
mates. Still another is the crustal movements 
during the Pleistocene, whether generated by 
glacial loading or by nonglacial causes. These 
and other fields are not represented for a 
variety of wholly practical reasons, but not 
because they are not thought important and 
not because the Commiteee has failed to consider 
them. 

Although each contribution has been criti- 
cally read twice by every other member of the 
Committee, it represents essentially the indi- 
vidual opinion of its author, asa specialist in 
his own field, tempered by discussion with the 
whole group. The lengths of the papers vary 
widely. The variation is a result of the greatly 
varying bulk of the literature in the various 
fields, of the time elapsed since the time of 
publication of the latest previous general syn- 
thesis or review (if any) in each field, and of 
the time each contributor had available to 
devote to his allotted task. Special mention 
should be made here of the contibutions of 
E. S. Deevey in the field of biogeography; 
these constitute nearly half the length of the 
symposium. This field is represented by no 
previous synthesis and involves peculiarly great 
and intricate detail. Hence Doctor Deevey’s 
papers will be widely recognized as having 
special importance. Workers in each field re- 
presented in the symposium will recognize in 
the other contributions not only syntheses but 
also original material of great worth. 

The National Research Council generously 
appropriated $500.00 for the purchase of 
separate copies of the symposium, to be sent 
free of charge to scientists in countries whose 
currency-exchange regulations would prevent 
private purchase. Transportation of the sep- 
arates to foreign destinations was kindly under- 
taken by the Smithsonian Institution. Indivi- 
dual contributors, of course, obtained separates 
of their own contributions for private distribu- 
tion. 
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Both Dr. D. W. Bronk, Chairman of the 
National Research Council, and Dr. Arthur 
Beven, Chairman of its Division of Geology and 
Geography, have been thanked by the Com- 
mittee for their encouragement of its efforts and 
for financial support of the Committee’s meet- 
ings. 

It is the hope of the Committee that this 
symposium will cross the traditional barriers 
and reach every scientist to whom it could have 
value, wherever he may be, and that, within 
one or another of the papers, many workers 
will find something that will enhance the scope 
or the significance of their own research effort. 
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a 2. TRENDS IN GLACIOLOGY IN EUROPE 


By Henri BADER 


There have been two fairly distinct phases of plorers, mountaineers, and geologists. They 
development in glaciology—the early eraending were objects to be discovered, feared and ad- 
approximately at the turn of the century, and mired, and studied geologically. As a result 
the succeeding one ending in the late 1930’s. we know where the world’s glaciers are, what 

The early era is by far the more inspiring, they look like, the dangers they threaten, and 
filled with exciting discovery and vigorous’ the morphological and geological consequences 
polemics. A dozen men of caliber, such as_ of their presence. 

Agassiz, Heim, and Tyndall, compiled volumes Geologists have given us splendid records of 
of observation and speculation. These classical the gross aspect of glaciers, such as advance and 
naturalists of the middle nineteenth century _ retreat, erosion and deposition, surficial motion 
were not shackled by specialization. They freely and surface morphology, accumulation and ab- 
crossed lines which have grown into barriers to lation. One reward of this effort is Pleistocene 
the modern specialist, for natural science was glacial geology. But these records apparently 
then only beginning to really divide into sep- do not offer a key to a satisfactory comprehen- 
arate faculties. The universalism of approach to _ sion of the nature of the internal structure and 
early glaciology was its most valuable feature, motion of glaciers. The first quarter of our 
and remains a source of inspiration. century saw an orgy of hypothesizing on condi- 

The rapid specialization of scientists near the tions prevailing inside glaciers and on the 
turn of the century was disastrous to glaciology. mechanism of glacier flow based on quite in- 
It was classified as a geological science, and sufficient observational and experimental data. 
from then on glaciers were studied very largely Published observations on firn and ice petrog- 
by geologists, with the emphasis on glacial raphy during this period are amazingly few. 
geology. Petrographers and mineralogists gener- One can browse through volume after volume 
ally failed to consider snow and ice as sedi- of Zeitschrift fiir Gletscherkunde without finding 
mentary and metamorphic rocks and paid them any reference to grain size, air bubbles, etc., 
little attention. Physicists were not particu- of the ice of countless glaciers otherwise de- 
larly attracted to the study of a material re- scribed in detail. 
quiring a refrigerated laboratory, and contented Geologists cannot be blamed for this un- 
themselves with routine measurements of the satisfactory state of physical glaciology, al- 
more common physical properties of ice. Chem- though they should have been more insistent 
ists and biologists saw little to be gained in the in demanding the collaboration of specialists 
study of practically pure and sterile ice. And from other fields. 
finally the remoteness of glaciers from centers Petrologists and mineralogists, however, have 
of industry and main lines of communication not made their just contribution to glaciology, 
efiectively prevented them from becoming an _ a contribution which would consist in an ex- 
object of engineering research. haustive study of the macro- and microstructure 
So, for decades, glaciers belonged to ex- of glacier ice and an evaluation of all its struc- 
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tural features which might throw some light on 
the mechanism of deformation. There have 
been no glacial petrologists. 

The need for additional data necessary for an 
adequate theoretical treatment of glacial struc- 
ture and flow has of course long been realized, 
but the technical and financial difficulties in 
obtaining them were not overcome. 

Hans Hess made notable attempts to obtain 
the required data, by means of laboratory work 
on ice and drilling in glaciers. But he and his 
colleagues were able to do little more than 
point in the right direction, toward systematic 
research on the physical properties of firn and 
ice, and toward organized group research on 
the structure and deformation of glaciers by 
all available means. 

The impulse for such research had to come 
from economic necessity, and it first came in 
the domain of snow, the raw material for firn 
and ice. 

The advance of technical civilization into 
alpine valleys in the form of highways, rail- 
roads, and winter sports slowly created a de- 
mand for control of avalanches. By the early 
1930’s the demand became imperative, so the 
Swiss government appointed a Commission of 
Snow and Avalanches, which obtained the 
collaboration of the Departments of Geology, 
Mineralogy, and Hydrology and Soil Mechanics 
of the Federal Institute of Technology. After 
years of preliminary research work in the field 
and in a crude laboratory, under the super- 
vision of Paul Niggli and E. Meyer-Peter 
. (Bader e al., 1938), a superbly equipped re- 
search laboratory (Eidgendssisches Institut fur 
Schnee und Lawienforschung) was built at 
Weissfluhjoch in 1943, in the snow fields of the 
Davos skiing region (Bucher e¢ a/., 1944; Bucher, 
1948). As a result of the work done at Davos by 
geologists, mineralogists, meteorologists, physi- 
cists, and engineers (Anonymous, 1940; 1942; 
Bader, 1948; Bucher ef al., 1940; Bucher and 
Jost, 1941; Bucher, 1946; Haefeli, 1945; Pro- 
haska and Thams, 1940; De Quervain, 1945; 
1948a; 1948b; Thams, 1943), we now have a 
great deal of knowledge on the structure, meta- 
morphism, and mechanical properties of differ- 
ent types of snow. Haefeli (1938; 1942; 1944; 
1947) and Bucher (1947a; 1947b; 1948) have 
developed the theory of snow mechanics and its 
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application to engineering problems, partig 
larly to avalanche control. 

It was inevitable that the men working 
snow should become interested in ice and the 
snow mechanics would lead to ice mechani 
and glacier mechanics (Haefeli, 1940; 1948, 
Haefeli and Schaerer, 1946). 

Here, then, we have one of the sources ¢ 
renewed interest in physical glaciology. 

Another source flows from a very actip 
group of scientists who organized the Britis 
Glaciological Society, publisher of the ne 
Journal of Glaciology (January 1947). Both th 
society and the journal owe their existeng 
largely to the unfailing efforts of Seligman, 
who also pioneered in the study of snow (1936), 

In Britain metallurgists are becoming jp 
terested in ice (Seligman, 1949), which shows 
some structural resemblance to metals—it 5 
somewhat analogous to magnesium or aluminun 
at close to melting-point temperatures, & 
they cannot study the structure and met 
morphism of very hot metals, metallurgists 
hope to learn something from ice. 

In Sweden a group headed by Ahlmann (1948) 
has for many years been studying the glacien 
bordering on the north Atlantic. The accent 
of this work has been on regime, but currently 
more attention is being paid to ice structur 
(Ahlmann and Eroessler, 1949). 

I have unfortunately not been able to ob 
tain information on the recent activity d 
glaciologists in other European counties, and 
can only refer to two new compilations whid 
should be significant (Drygalski and Machats 
chek, 1942; Klebelsberg, 1949). 

Members of the new European school ¢ 





glaciology realized the complexity of the tat 
of defining the metamorphism and mechanial 
behavior of firn and ice masses, and have tt 
peatedly pointed to the low returns of scattered 
and isolated research by single individual 
If the problem is to be solved, we must work 
groups and concentrate our effort on a smal 
number of typical glaciers for a large numberd 
years. A splendid start has been made in th 
study of the Aletsch Glacier, taking advantagt 
of the facilities of the Jungfraujoch Experiment 
Station. A number of papers by the Britis 
(Perutz, 1940; 1947; Perutz and Seligma, 
1939; Seligman, 1941; 1943; 1947) and Swis 
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(Haefeli, 1946; 1948b; 1948c; Winterhalter, 
1944) groups inform on this phase of the enter- 
prise. Here a recent biological contribution to 
gaciology deserves mention—pollen analysis. 
The pollen content of firn varies with the 
seasons and can be recognized in the ice of the 
ablation region. Vareschi (1942) has by this 
method proved that the ogives in the ice 
streams below Concordia Platz on the Aletsch 
gacier mark the emergence of annual layers in 
undisturbed sequence. But the sequence is hap- 
hazard (indicating slip thrusting) in the steep, 
banded layers at the periphery of the glacier 
and between ice streams originating in the 
individual firn basins. 

Little sew laboratory work has been done on 
ice mechanics, all so far has been on artificial 
ice at temperatures below the melting point. 
Perutz (1948) reported on war work at the 
Cavendish laboratories, and the Weissfluhjoch 
station is also active. Both laboratories plan 
more extensive ice work. 

Experimentation on wet glacier ice promises 
to be very difficult as ice-water phase equili- 
brium is extremely difficult to maintain. Tem- 
peratures will have to be controlled to within 
hundredths of degrees, and very delicate ad- 
justments made when specimens are subjected 
to hydrostatic pressure and stress. Changes in 
grain size, grain orientation, air-bubble pressure, 
and air-bubble distribution will have to be 
carefully followed. The physical chemistry of 
the liquid phase at grain boundaries must be 
investigated. Then there are two liquid phases 
to be considered—the intergrainal liquid at the 
grain boundaries, and the intragrainal liquid 
associated with the air bubbles. The neglected 
problem of the role of air bubbles and the 
mechanism of air-bubble elimination will re- 
quite most careful experimental work. The 
influence of enclosed rock debris and a host of 
what now appear to be minor factors will have 
to be investigated. 

The presumably dominant influence of the 
ice-water ratio on deformational behavior dic- 
tates the location of the “warm ice’’ laboratory 
in the immediate vicinity of the glacier. Freez- 
ing, storing, and transportation of specimens 
from distant sources would make the value of 
subsequent testing questionable (Bader, 1949). 
There is, of course, no such restriction on the 
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installation of facilities for studying natural 
“cold ice” and artificial ice. 

In Switzerland, glaciology has quite recently 
received a new impulse by attracting the at- 
tention of industrial engineers, who command 
more funds than scientists. In the Alps, water 
is scarce in winter, when power requirements 
are at a maximum. So hydraulic engineers have 
begun to look on firn regions of glaciers as 
water accumulators, which yield a steady stream 
during the winter. Fortunately for the glaciolo- 
gists this water flows off under the whole length 
of the tongue, and the engineers must place 
their water intakes in the bed of the glacier 
in order to minimize loss of altitude. Excavation 
of tunnels up to1 kilometerin length isprojeceted 
in several of the larger glaciers of the Valais. 
Tunnelling in ice has begun (winter 1948-1949), 
and there is no doubt that we can expect most 
interesting observations on ice structure and 
deformation at moderate depth from these 
developments, as they are being closely watched 
by glaciologists. 

As civilization moves northward in America, 
glaciers will inevitably create obstacles and 
hazards, and will also offer benefits. We can 
predict that glacial and ice engineering will be 
a profession in the not too distant future, and 
we must provide its scientific foundation. The 
organization of glacial research by the Arctic 
Institute of North America is a most encourag- 
ing step in this direction. 

Glacial geologists are mapping areas covered 
by ice sheets and lobes in Pleistocene times. 
Now glaciologists are requested to provide the 
third dimension, the thickness of the ice and its 
flow characteristics. The quality of the answer is 
important, for instance, in view of the desir- 
ability of reliable data on sea-level variations, 
If a good answer is possible, then it certainly 
will not be given without computations based 
on a satisfactory theory of deformation of 
large ice masses. 

I venture the opinion that such a theory is 
not yet in sight and that many years of exten- 
sive, intensive, and expensive laboratory work 
will be necessary before we can develop one; we 
cannot hope to do so on the basis of field work 
alone, but field work must guide the course of 
laboratory experimentation. We must know the 
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types of ice to be investigated and the magni- 
tude and type of stresses to be applied. : 

Large masses of ice are bound to be signifi- 
cantly inhomogeneous due to a number of 
variables, particularly grain size, which appears 
to be a function of age (Seligman, 1949). Age 
may become an important factor in the con- 
sideration of large ice sheets and caps. 

There are so many things we do not know 
about ice that a fruitful general discussion is 
very difficult. Yet the European work out- 
lined above, together with recent American 
work, provides guidance for future effort. In 
Alaska, for instance, we have glaciers of a 
different order of magnitude from those in 
Europe. We are thus in a position to study the 
effects of size, for instance whether large size 
affects not only the magnitude but also the 
quality of deformation. 

The retarded development of physical glaciol- 
ogy fully justifies the renewed activity here 
summarized. If diligently pursued, it promises 
results of theoretical significance and practical 
importance. 
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INTRODUCTION 
Thesis 


The problem posed by distributions of ani- 
mals and plants has been discussed with various 
degrees of insight since the days of antiquity, 
but in this field, as in so much of biology, the 
mid-nineteenth century marks a turning point. 
Before Darwin and his contemporaries it was 
easy to suppose that the reason Africa has its 
hippopotamus, Australia its marsupials and 
Eucalyptus, England its dormouse, and so forth, 
is simply that species have been created in the 
geographic regions proper to them. The legend 
of St. Patrick was not too unsatisfactory as an 


explanation of the absence of snakes from It 
land. The realization that the origin of specs 
is accessible to scientific inquiry gave new it 
petus to the study of existing ranges, fori 
became possible to ask why, since some spedis 
are widely distributed, all species are mt 
Taxonomists of the time of Linné were conte! 
to list the habitat of their species in vey 
general terms, particularly when they wet 
exotic—“hab. in partibus orientalis”. But at th 
same time that a less transcendental concp 
of the nature of species was being crystallil 
Humboldt, DeCandolle, Wallace, Dana, ail 
other great biological explorers of the eall 
nineteenth century were paying closer ati 
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tion to geographic distribution. As a result it 
became Clear that species spread much or little 
according, first, to their inherent abilities to 
disperse, and second, to the intensity of the 
geographic barriers opposing them. 

Greatly increased knowledge of the geologic 
past, coming at the same time as the revolu- 
tion in biology, gave prominence in the minds 
of naturalists to the historic factors in bio- 
geography. Existing species and especially exist- 
ing stocks are not all of the same age; most 
invertebrate groups are of Precambrian origin 
bony fishes arose in the Silurian and Devonian, 
flowering plants are of Mesozoic age, and the 
history of modern mammals is a Cenozoic 
history. The genus is older than the species, 
the family older than the genus, and all phyla 
are at least as old as the Paleozoic. It follows 
that existing ranges of species and of larger 
groups are the product not of existing geo- 
graphic conditions but of all geographic condi- 
tions obtaining throughout the history of the 
species or stock. 

It might be supposed that the Pleistocene 
epoch, with its spectacular history of advances 
and retreats of great continental ice sheets and 
of contraction and expansion of the ocean, 
would have received a disproportionate amount 
of attention from biogeographers attempting to 
account for existing ranges of species. Not 
only was the Pleistocene the latest of the 
geologic epochs, so that its imprint on present- 
day conditions might be expected to be fresh- 
est and most easily legible; it was also, at least 
in part, very different in its biogeographic 
implications from the present time—far more 
different than the Pliocene or the Miocene, for 
a glacial climatic regime, though not uniquely 
a Pleistocene phenomenon, is geologically ab- 
normal. It is true that the importance of 
Pleistocene glaciation in modifying or obliterat- 
ing the ranges of a large proportion of animal 
and plant species was clearly grasped by Dar- 
win and Hooker. But later workers have tended 
to ignore the Pleistocene, or to regard it as of 
minor and transitory importance, while pur- 
suing the history of stocks of organisms through 
the more distant geologic past. Engaged in the 
fascinating pursuit of constructing land bridges 
across ocean basins or marine channels across 
continents, they have indulged in flights of ir- 
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responsible speculation which have brought 
the whole science into disrepute. Of the numer- 
ous fallacies that underlie the practice of many 
biogeographers, the most fundamental appears 
to be that of assuming the existing distribu- 
tion pattern of the species to be as old as the 
species itself, or as the genus or family to 
which it belongs. The fact that species of 
insects and other arthropods, distinguishable 
with difficulty or not at all from modern 
species, occur in the Baltic amber or in the 
Florissant shales has been widely misinter- 
preted, and this kind of paleontologic evidence, 
valuable though it is, has often done more 
harm than good in distributional studies. The 
plain fact is that since the species arose, ¢.g., 
in the Pliocene or earlier, the Pleistocene has 
supervened; there has been sufficient time, and 
sufficient transfiguration of geography, for the 
pre-Pleistocene distribution pattern to be com- 
pletely transformed in a very large number of 
cases. ' 

This is the thesis of the present review, and 
its documentation follows at some length. It is 
appropriate that this paper, considerably more 
ambitious than was originally planned, should 
form part of a symposium on Interrelations of 
Pleistocene Research. Like the distribution of 
certain animals and plants to be discussed 
presently, Pleistocene biogeography is bipolar. 
At one pole are grouped ecology, systematic 
botany and zoology, the study of evolution, and 
related biologic disciplines. At the other pole 
are grouped the Earth sciences, all of which are 
concerned in understanding the geography of 
the Pleistocene. At present the flow of informa- 
tion from biology to geology is of much lower 
intensity than in the opposite direction, for 
biogeographic evidence is often sketchy and 
speculative. From one point of view, that of 
Pleistocene stratigraphy, the bipolar pattern 
breaks down completely, and Pleistocene re- 
search becomes one integrated subject, pur- 
sued in equal partnership by biologists and 
geologists in the widest sense. But stratigraphy 
as such is not under review here; the viewpoint 
is that of the biologist discussing a geographic 
problem, for it is recognized that geologists 
must be shown how biologists can help them. 
There is no question of the flow of assistance in 
the opposite direction. 
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Inadequacy of the Data 


The perennial complaint of the biogeographer 
is that present ranges of species are inadequately 
known. In part this incomplete knowledge 
reflects the difficulty of comprehensive collect- 
ing, and this problem is more acute with animals 
than with plants. Yet even for land plants, 
which usually reveal themselves to the con- 
scientious collector, and do not require to be 
trapped at night or in their breeding season or 
when they alight on the ground, novelties, in- 
cluding new species as well as new records, are 
continually turning up in well-studied regions. 
But in addition there is the taxonomic difficulty, 
the perpetual reshuffling and refinement of the 
taxonomic system that exposes the biogeog- 
rapher to the constant risk of drawing con- 
clusions from incorrect data. In well-studied 
groups, such as flowering plants, birds, and 
mammals, though the demarcation and distribu- 
tion of species are reasonably well understood, a 
“microtaxonomy” is coming into existence, in 
that infraspecific categories (subspecies, races, 
ecotypes, clones, segregated breeding popula- 
tions, etc.) are being recognized. The geo- 
graphic distribution of these smaller taxonomic 
units presents challenging probiems that often, 
perhaps usually, reflect Pleistocene geographic 
conditions: witness the work of Dobzhansky 
and his collaborators with Drosophila pseudo- 
obscura populations in the Great Basin, or the 
cytogenetic studies of Anderson, Turesson, and 
other botanists. Studies of this sort promise to 
be more helpful than those carried out on the 
broader taxonomic lines of species and species 
groups, but it cannot be denied that they add 
enormously to the complexity of the data. It 
seems certain that the systematic catalogue, on 
which the biogeographer depends for his raw 
materials, will never be completed. 

There are some difficulties about biogeog- 
raphy for which its practitioners themselves, 
must be held responsible—they are not inherent 
in the data. One of these, perhaps the most 
pernicious, may be described as the synthetic 
approach. This is the method by which one 
sets out to decide the “biogeographic affinities” 
of a township, a state, an island, a continent, or 
a body of water. It is a commonplace observa- 
tion that of the hundreds or thousands of 
species making up the biota of even the small- 
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est ecologic unit, such as a bunch of praig 
grass or a puddle of rainwater in a hollow tre 
no two will ever be found to have precisely th 
same distribution outside that unit. A fe, 
may be on or near the exact geometric cente 
of their geographic range, if such a center cy 
be ascertained. Some will be distributed mon 
widely eastward, some westward, some north. 
ward, some southward; moreover, there will h: 
disjunctions of some degree in the range ¢ 
every species. In a steppe region, with patchy 
of vegetation discontinuously distributed 
bare ground, it will occasion no surprise that 
the animals feeding on vegetation do not liye 
on the intervening areas. The faculty of di 
persal of the animals is clearly adequate to th 
situation, and they can fly or jump or run ork 
carried from one patch to the next. But wide 
disjunctions begin to arouse wonder, as wha 
the same animal species is found on bunch grag 
amid sand dunes around the southern shore of 
Lake Michigan and on the sea coast of New 
Jersey, with a disjunction, both of animals and 
of bunch grass, across the intervening region. 
Confronted with such problems, the huma 
mind embarks on its course of generalization 
and synthesis, and the biogeographer sits dom 
to describe, in statistical terms, the strength o 
relationship between regions in respect to th 
species or genera common to them. He fing 
that 40 per cent of the species in his area ar 
predominantly of northern distribution, 20 pe 
cent are so uniformly distributed that one can- 
not tell where they came from, 30 per cent ar 
somewhat more widely distributed to the south, 
smaller proportions are found to the east 
west but not to north or south, and a few shor 
spectacular disjunctions, which may or may net 
indicate migration from the north whence th 
plurality of species have evidently come. Sine 
the majority, usually stated as 50 per cent d 
analyzable species, have come from the north, 
the conclusion is that the connection with th 
north is beset by fewer geographic barriers, ors 
of longer duration, or both. Further, the regio 
in question is a part, biogeographically if not 
otherwise, of the larger region to the north, 
and may be combined with it as a super-regia 
or province or realm. 

This procedure was essentially that of Wal 
lace, and with the occurrence of certain charae 
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teristic types in certain areas and their absence 
inallothers (endemics: marsupials in Australia, 
etc.) led to the recognition of the classic bio- 
geographic realms, Palaearctic, Oriental, Aus- 
tralian, Ethiopian, Nearctic, and Neotropical. 
As terms these are very useful, since they ex- 
press certain facts of biogeography that would 
be very cumbersome if expressed in terms of 
political geography. As concepts, unfortunately, 
they leave little more to be said; they have 
served poorly as a basis for further research. 
The great majority of modern biogeographers 
seem to be engaged in further refinement of 
Wallace’s realms, breaking them down into 
provinces and subprovinces, the boundaries of 
which inevitably differ according to the kind of 
organism considered. Except perhaps in dis- 
cussing the land biota of islands, it is an es- 
sentially fruitless pursuit, since it is based on 
the generalization of facts that cannot be 
generalized. 

To see that this is so, we need only consider 
the small balance, 40 against 30 per cent, or 
50 against 38 per cent of analyzable species, by 
which northern affinities are said to be demon- 
strated in the above hypothetical example. 
Some of the excess may be due to species that 
move together, like cows and cowbirds, insects 
and their food plants, parasites and hosts; 
the southern contingent may happen to be 
poorer in such associations. Again, the syn- 
thesis may overlook the fact that the southern 
component is more largely made up of species 
that can migrate with great difficulty—slugs, 
flightless beetles, and plants with no special 
means of seed dispersal. If we suppose the area 
was submerged under the sea, and then uplifted 
and exposed to simultaneous immigration from 
northern and southern areas of equal size 
and equal number of species, it might well turn 
out that the species that arrived from the south 
are many times more remarkable, being flight- 
less, than the species that flew in from the 
north. But a more fundamental objection than 
these is that the synthesis ignores the matter of 
time. The true situation may be that the whole 
of the biota of this region came from the south, 
but that there was an earlier wave of migration 
that produced the 40 per cent of species whose 
southern ranges have since been obliterated. 
After an interval that may or may not be in- 
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dicated by the age (degree of specific differen- 
tiation, etc.) of the species, a second wave of 
migration came from the south and is still 
coming. In short, the synthetic approach ob- 
scures some of the most interesting questions of 
biogeography, and “faunal elements” are quite 
likely to be meaningless abstractions. 
Another defect of biogeography as practiced 
at least until recently is the failure of most 
biogeographers to appreciate the potential abili- 
ties of species to spread. Because of this failure, 
as Mayr, Darlington, Dammerman, and others 
have recently pointed out, it is now necessary 
to rewrite most classic biogeography. The vast 
majority of former land bridges constructed in 
imagination are not only in direct conflict with 
the far more reliable data of physical geology, 
but they can easily be shown to be unnecessary. 
A few kinds of animals, and perhaps a few 
plants, really seem to require continuous land 
connection for their dispersal, and it is im- 
possible to imagine their crossing a water gap 
of appreciable dimensions. The occurrence of 
elephants and rhinoceroses in the Pleistocene 
or recent fauna of Java, Sumatra, the British 
Isles, and other truly continental islands clearly 
implies a dry-land connection in the past. In- 
tercontinental land connections across Bering 
Strait and along the Isthmus of Panama are 
fully demonstrated by zoogeographic evidence, 
and the same evidence shows that South Amer- 
ica was separated from North America for 
a long interval during the middle Cenozoic, 
and connected again in the Pliocene. Genuine 
bridges of this kind, abundantly supported by 
geologic evidence, are of coursenot in question; 
they have been amply discussed by Matthew 
(1915) and more recently by Simpson (1940; 
1943a; 1943b; 1947). But the more tenuous 
bridges of biogeography, such as the one that 
is supposed to have connected Fiji with the Asi- 
atic mainland (to account for the presence of 
frogs in Fiji), or the one said to have spanned 
the Pacific Ocean (to account for the occurrence 
of leptodactylid frogs, marsupials, etc., in Aus- 
tralia and South America), or the celebrated 
Hipparion bridge across the North Atlantic 
Ocean, are being dispensed with. The temp- 
tation to construct them is always with us: 
a remarkable bridge is supposed to have con- 
nected the deserts of California and Peru, to 
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account for the common occurrence of certain 
genera of beetles unknown in intervening (non- 
desert) regions (Van Dyke, 1940). For reasons 
not altogether clear, the bridge that now 
connects these two deserts is unsatisfactory, 
so a new one, paralleling the present one but 
somehow avoiding the humid tropics, has to 
be erected. But modern biogeography has been 
enriched by several works emphasizing the ease, 
rather than the difficulty, with which land 
organisms can cross water barriers. Notable 
among these is the painstaking study of the 
recolonization of Krakatau in the 50 years 
since its fauna and flora were destroyed by a 
colossal volcanic explosion (Dammerman, 1948). 
Mammals other than rats and bats are still 
lacking on Krakatau, which lies in the Sunda 
Strait between Java and Sumatra, but com- 
parative studies show that the fauna is already 
nearly as harmonious as could be expected on 
an island of its size and geographic situation. 
The outstanding conclusion is that recoloni- 
zation in such a case is not so much a matter 
of accident (as it certainly is on the more remote 
oceanic islands) as of ecologic succession, and 
that as soon as living conditions (vegetation, 
soil, etc.) aresuitable forthesurvivalofananimal 
species, that species appears. Transportation of 
animals by air currents has also been discussed 
recently by Gislen (1948), whose review, accom- 
panied by numerousreferences, ought thoroughly 
to confound the more irresponsible builders 
of land bridges. 


Inadequacy of the Coverage 


Apart from numerous deficiencies of the 
biogeographic information as it exists and as 
it is handled by biogeographers, this review of 
Pleistocene biogeography suffers from inade- 
quate preparation on the part of its author. 
The enormous extent of the literature of this 
subject is not commonly realized even by 
biologists. Annual bibliographies for the years 
1931 through 1934, prepared by Rensch and 
appearing in the journal Zoogeographica, aver- 
age 200 titles apiece, though they are surely 
incomplete. Strictly phytogeographic papers are 
at least equally numerous. The great bulk of 
this material is embedded in taxonomic works, 
for nowadays virtually every taxonomist feels 
called upon to discuss biogeographic questions 


in most of his major articles. A complete bib. 
liography of the subject since 1900 would doubt. 
less run to over 100,000 titles, and would of cours 
be completely unusable. Faced with this ter. 
rifying mass of information and misinformation, 
the author, who is not an encyclopedist, has 
decided to make no pretense at complete cover. 
age. A small number of standard works on the 
Pleistocene (Woldstedt, 1929; Flint, 1947; Zep. 
ner, 1945; 1946; Movius, 1942) and on bio 
geography (Cain, 1944a; Mayr, 1942) have 
been freely consulted, and excursions into the 
periodical literature have been rather desultory, 
carried out with the idea of documenting some 
of the leading problems of biogeography insofar 
as they bear on Pleistocene events. Valuable re. 
views of certain subjects not touched upon ia 
the standard books may be found in the three 
published volumes of Zoogeographica and the 
eight Mémoires de la Société de Biogéographie, 
particularly No. 2 (high mountains of the Old 
World), No. 3 (British Isles), and No. 6 (Old 
World deserts). Phytogeography, as distine 
from zoogeography, has not been deliberately 
slighted, but the author is a zoologist who hap 
pens to know something about postglacial pol 
len analysis, and apart from this rather special- 
ized field the botanical side of this review wil 
inevitably strike a botanist as spotty and un 
satisfactory. 


A Few Principles 


In order that biologists may understand the 
author’s fundamental position on matters o 
biogeography, a few of the guiding principles d 
the subject are presented as they appear to him. 
Ignorance of these principles vitiates much bie 
geographic discussion, and their statement may 
provide an excuse for apparent neglect of cer 
tain supposedly important works. 

(1) We deal with species, not with families or 
orders. The basic datum of biogeography is con 
ceived to be a map showing the range d 
a species. Usually the ranges of the closest rela 
tives of a species also need to be known. Syt- 
theses of distributions of larger taxonomic cate 
gories ordinarily conceal more than they reveal; 
in any event, deductions from such distributions 
relate to a past geography far antedating th 
Pleistocene, and have no place in this review. 
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(2) The age of a distribution pattern is not 
necessarily the same as the age of a species. 

(3) Economy of hypothesis. No distribution is 
taken to be old unless it can be proved not to 
be young. The recolonization of glaciated areas 
js assumed to be postglacial, as the simplest 
hypothesis, unless it can be proved otherwise. 
All distributions of species are taken to be of 
Pleistocene date in the absence of good proof 
that they are older. 

(4) Center of origin. There is no infallible cri- 
terion by which to decide where a species orig- 
inated. The center of origin of a genus is usually 
taken to be the region in which the largest num- 
ber of species occurs. This is an unproved 
assumption and may be erroneous. In fact, as 
Darlington (1948) has pointed out, if contract- 
ing stocks are about as common as expanding 
stocks, biogeographers who rely on this criterion 
will be wrong about half the time. The relation 
between parent and offspring species can some- 
times be decided on purely morphologic 
grounds, though not so often as some systema- 
tists think. Often, and especially in plants, rela- 
tionships of polyploidy and other genetic in- 
formation make it possible to be certain on this 
score. But the present range of the parent 
species is not necessarily the place of origin of 
the offspring species. (For full discussion of cri- 
teria of center of origin, see Cain, 1944a.) 

(5) Origin of species. Modern genetic and 
ecologic theory are in full agreement that 
species do not arise from other species except 
through reproductive isolation of segments of a 
parental population, and that in sexually repro- 
ducing animals and plants the reproductive iso- 
lation is ordinarily achieved through geographic 
segregation. For modern views on the mecha- 
nism of the origin of species, the works of Dob- 
zhansky (1941), Mayr (1942), Huxley (1943), 
and (most painlessly) Lack (1947) may be con- 
sulted. The point to remember for biogeographic 
purposes is that the occurrence of closely re- 
lated species in the same general region implies 
their differentiation in previous isolation; this 
isolation must have lasted long enough, first, 
to produce the reproductive divergence neces- 
sary to avoid swamping of one by the 
other, and, second, to produce the ecologic dif- 
ferentiation (differences in food habits, tem- 
perature preferenda, etc.) necessary to avoid too 
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stringent competition. Nearly all well-studied 
cases of subspeciation and speciation point to 
the Pleistocene as the time of such previous iso- 
lation, and the occurrence of closely related 
forms in the same area is therefore attributed to 
post-Pleistocene alterations in geography and in 
biogeography. 


PLEISTOCENE BIOGEOGRAPHY OF EUROPE 
Introductory Remarks 


Though the idea that the Ice Age was some- 
how concerned in the origin of the boreo-alpine 
distribution of organisms goes back at least as 
far as Edward Forbes, the general problem of 
Pleistocene influence on a pre-existing fauna and 
flora can best be stated in the words of Darwin 
(The origin of species, 1936 ed., p. 290): 


‘‘As the cold came on, and as each more southern 
zone became fitted for the inhabitants of the north, 
these would take the places of the former inhabi- 
tants of the temperate ions. The latter, at 
the same time, would travel further and further 
southward, unless they were stopped by barriers, 
in which case they would perish. The mountains 
would become covered with snow and ice, and their 
former Alpine inhabitants would descend to the 
plains. By the time that the cold had reached its 
maximum, we should have an arctic fauna and flora, 
covering the central parts of Europe, as far south 
as the Alps and Pyrenees, and even stretching into 


PAS the warmth returned, the arctic forms would 
retreat northward, closely followed up in their re- 
treat by the productions of the more temperate 
regions. And as the snow melted from the bases of 
the mountains, the arctic forms would seize on the 
cleared and thawed ground, always ascending, as 
the warmth increased and the snow still further 
disappeared, higher and higher, whilst their breth- 
ren were pursuing their northern journey. Hence, 
when the warmth had fully returned, the same 
species, which had lately lived together on the 

uropean and North American lowlands, would 
again be found in the arctic regions of the Old and 
New Worlds, and on many isolated mountain- 
summits far distant from each other.” 


Since Darwin’s day it has been possible to 
document this general idea in great detail. What 
has chiefly been added is a fuller knowledge of 
multiple glaciationduring the Pleistocene. There 
was not one Ice Age, but several. In the 
interglacial ages many species wandered far 
north into Europe and have since retreated to 
the Balkans (like Rhododendron ponticum) or 
into Africa (lion, hippopotamus, rhinoceros, 
Corbicula consobrina). Many that have become 
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extinct in Europe, either early (mastodons, 
hemlock) or quite late in the Pleistocene (Brase- 
nia purpurea, Dulichium spathaceum, musk ox), 
still survive or became extinct much later in 
North America, presumably because in North 
America there was no transverse system of 
mountain ranges blocking their southward dis- 
persal during glacial ages. Thus eastern North 
America has preserved a larger proportion of 
the old “Tertiary relict” genera (magnolia, 
sweet gum, hickory, walnut, salamanders, bow- 
fin, gar-pike) than has Europe, and during the 
Pleistocene received in addition a contingent of 
the remarkable South American mammalian 
fauna (ground sloths, glyptodonts), some of 
which still survive (opossum, armadillo). Dur- 
ing glacial ages, on the other hand, the reindeer 
and the musk ox ranged widely over northern 
Europe at least as far south as southern France, 
the great auk and the alpine chough were found 
at Gibraltar, and the boreal mollusk Cyprina 
islandica lived in the Mediterranean. 

Omitting the details of the stratigraphy, 
which are not the subject of this paper, the 
modern work on European biogeography is de- 
voted to two major problems, which will be dis- 
cussed in turn: the recolonization of central 
Europe, including the origin of the boreo-alpine 
distribution pattern, and the recolonization of 
the British Isles. The main outlines of the stra- 
tigraphy are given in Tables 1 and 2, and the 
lateglacial and postglacial stratigraphy is con- 
sidered in some detail in the following section. 
Only against a background of this sort of in- 
formation does an account of existing ranges of 
species yield any data that could not have been 
deduced by Darwin and his contemporaries. 


The Last Glaciation and After 


Earlier glaciations—The main outline of the 
Pleistocene stratigraphy of Europe is given in 
Table 1, which emphasizes northern Europe, 
the best-known region. The view that three 
major glacial ages are recorded—Elster, Saale, 
and Warthe-Weichsel—and that they corre- 
spond to Mindel, Riss, and Wiirm of the Alpine 
sequence is rather generally accepted. The con- 
troversial character of the Early Glaciation 
(Giinz) does not concern us here; it is difficult 
to distinguish glacial from interglacial in de- 
posits of this age along the British North Sea 


PLEISTOCENE RESEARCH 


coast, though the main part of the Cromer se. 
quence is certainly interglacial. Zeuner’s at. 
tempt to show that the “Early,” the “Antepe 
nultimate,” and the “Penultimate” glacial ages 
were bipartite, interrupted by short interglacial 
subages, though helpful in many respects, is 
still too little agreed upon to serve as the basis 
for a general synthesis. Many workers feel that 
it represents an unconscious effort to make the 
geologic facts fit a scheme deduced from the ra- 
diation hypothesis of Milankovitch, against 
which strong objections have been urged on as- 
tronomic as well as meteorologic grounds. 

Pollen data are probably the most instructive 
for interpreting the climatic character of inter. 
glacial ages. They have one disadvantage—the 
pollen may be blown into a deposit from a con- 
siderable distance, especially if the locality is 
unforested, so that the species recorded may 
actually have been living no nearer than 500 
miles to the site. But balanced against this is 
the elegant stratigraphic refinement made pos 
sible when layers a centimeter or so apart yield 
consistent and meaningful differences in flora, 
Pollen analysis is now available for many of the 
interglacial deposits of Europe, some of them ex 
ceedingly important and well worked out, but 
far too few of them can as yet be assigned an in- 
controvertible stratigraphic position. An excel 
lent guide here is Gams, whose paper (1935) 
seems to be inadequately known; it reproduces 
in convenient form the pollen diagrams from 
most of the important sites. Gams calls the three 
major interglacials “C” (Cromerian), “D” 
(Diirntenian), and “E”’ (Eemian). The “Aurig- 
nacian oscillation” is regarded as intra-Wirm 
(Warthe-Brandenburg). The propriety of the 
names is open to question: the Diirnten deposit 
is in the Alps, and may not belong to the second 
interglacial age, and it seems inadvisable to use 
an archaeologic name (Aurignacian) for a gee 
logic horizon, no matter how conclusive the eve 
dence for association. But no animal or plant 
is so sure a guide fossil to this interval as Aurig 
nacian man, and no name (alternative: 
Warthe-Brandenburg, Wiirm I- Wiirm II, ‘ 
(Rixdorf)) is of such general meaning 5 
northern Europe. 

The “C” interglacial, which is the age of the 
Cromer Forest Bed, Tegelen, Mosbach, and 
Mauer, seems to be represented pollen-analyt 
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TABLE 1.—CONDENSED STRATIGRAPHY FOR GLACIATE 


Chiefly after Gams (1935) and 











Glacial and Interglacial 
Stages 





Bothnian 
Scanian 
Pomeranian 





Brandenburg 





‘Aurignacian” 
Oscillation 





Warthe 





See Table 2 for chro 








“E” Interglacial 


Age of mixed oak forest, essen- 
tially as today: hornbeam, 
hazel, alder. ‘Tertiary rel- 
icts” in W. Europe: 

Thuja occidentalis 
Fraxinus cf, americanus 
Juglans sp. 

Ilex occidentalis 

Last appearance of Brasenia pur- 
purea 





Rixdorf Horizon: rich mammalian fauna. 
Skirumhede: boreal marine mollusks. 
Cold steppe fauna, but not throughout 











Eem warm marine fauna. 

Age of Ursus spelaeus, Felis leo spelaea. 

Last appearance of Elephas antiquus. 

Lower travertine of Ehringsdorf: bear, 
wolf, fox, badger, lion, beaver, rhino, 
ox, fallow deer, etc., etc. 





Saale 


Rise of Elephas primigenius 
Immigration of Tichorhinus antiquitatis 





“TD” Interglacial 


Age of oak-ash forests, with alder 
in maritime regions, some 
beech farther westward 

Tsuga cf. canadensis still present 

Rhododendron ponticum in Alps 

Other “Tertiary relicts” 








“C” Interglacial 





First Glacial 





Age of Elephas antiguus 
Paludina horizon at Berlin 
Last appearance of hippo 


Reindeer, musk ox, Elephas trogonto- 
therii on steppes; 
Last appearance of E. meridionalis and 
other Pliocene survivors 





Tegelen: elm, ash, maple, horn- 
beam, grape, magnolia 
Picea omorikoides on Liineburg 
Heath 


Tegelen: Paludina diluviana, E. anti- 
quus, E. trogontotherii, hippo, hyaena, 
Equus stenoni 

Mauer: Dicerorhinus etruscus, Machai- 
rodus, Cervus elaphus, etc. 

Age of “archaic”? mammals 

Extension of Corbicula fluminalis, Bd- 
grandia (=Paludestrina) marginota 
to North Sea coast 





Mastodon, Elephas planifrons die out 
in Europe 






































GRAPHY FOR GLACIATED REGIONS OF CONTINENTAL EUROPE 
after Gams (1935) and Zeuner (1945) 








Pollen Sequences 





See Table 2 for chronology of Last Glaciation 
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A cold but not glacial interval; 
maximum as warm as today, 
especially in Britain 


) | Ashort, mild interglacial, climate 
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Apparently not so long or severe 
as Last Glaciation 
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haps with cool oscillations, but 
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ranges, extinction of a few spe- 
cies, mostly Pliocene survivors 


e) 


A definite interglacial, as warm 
ak} though probably not warmer 
than today at climax 








icall. 
fer a 
refer 
Tab! 
Gist! 
and 
Milt 
the 1 
nortl 
furtl 
peat 
len s 
the | 
desct 
(193! 
(193! 
here, 
and 
Ham 
Th 
quen 
glacis 
arctit 
or m 
willo 
hazel 
mum 
phas¢ 
varyi 
with 
time | 
anda 
arctic 
taken 
ably | 
Gams 
as CO! 
Szafer 
for th 
of the 
gresse 
to col 
have | 
The 
the re 
the W 
cial ag 
respon 
have { 
post-V 
consid 














ically by a deposit at Hamarnia, Poland (Sza- 
fer and Trela, 1929; Szafer, 1931). The primary 
references for the rest of the pollen column in 
Table 1 are: Neu-Ohe on the Liineburg Heath, 
Gist] (1928); Dzbanki, Poland, Premik (1932) 
and Piech (1932); Herning Series, Jessen and 
Milthers (1928). The paper of Jonas (1937a) on 
the very important deposit at Quakenbriick in 
northwestern Germany may be consulted for 
further information on the “D”’ interglacial. A 
peat deposit, 1 meter thick and showing a pol- 
len sequence comparable to the major part of 
the Neu-Ohe diagram, has recently been de- 
described by Pfaffenberg (1939) and Dewers 
(1939) at Haren in the Ems valley. Jonas 
(1937b), who has also investigated the pollen 
here, assigns this deposit to the “C” interglacial 
and correlates it with the upper part of the 
Hamarnia diagram. 

The outstanding fact about these pollen se- 
quences is of course their similarity to post- 
glacial diagrams. Many of them begin with an 
arctic or subarctic horizon, attested by pollen 
or macroscopic specimens of dwarf birch, arctic 
willow, etc.; a phase of pine forest with 
hazel coppices follows, and the warmth maxi- 
mum of the interglacial age culminates in a 
phase of mixed-oak forest (oak dominance with 
varying percentages of lime and elm pollen) 
with significant amounts of alder in more mari- 
time situations; then follows a return of conifers 
anda gradual re-establishment of subarctic or 
arctic conditions. In one of the interglacials, 
taken by Szafer (1925) to be the last, but prob- 
ably to be regarded as the second (Piech, 1932; 
Gams, 1935), the succession of floras was quite 
as complicated as that of the postglacial, and 
Szafer (1929) used the Blytt-Sernander names 
for the pollen phases. In other words the climate 
of the “C”, “D”, and “E” interglacials pro- 
gressed from cold to as warm as today and back 
to cold again, while the middle one seems to 
have been the warmest as well as the longest. 

The Warthe-Brandenburg Interval—Adopting 
the reasonable though not universal view that 
the Warthe glaciation was part of the last gla- 
cial age (Movius, 1942; Flint, 1947), thus cor- 
responding to the Iowan in North America, we 
have the correlation presented in Table 2. In 
post-Warthe time the ice must have retreated a 
considerable distance before readvancing. The 
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interval between the glaciations represented by 
the Flaming and Brandenburg moraines was 
probably not quite so warm as today, nor so 
warm as the “E” interglacial with its warm- 
water mollusks in the Eem Sea. But during at 
least part of the interval a temperate climate: 
prevailed in northern Europe south of the Bal- 
tic. As evidence of this there are fossil floras: at 
Kirmington, Yorkshire (Burchell, 1935); Burn 
of Benholm (Campbell and Robertson, 1934) 
and Cowdon Burn (Bennie, 1891) in Scotland; 
Brérup in Jutland (Jessen and Milthers, 1928); 
Marga Ditch near Senftenburg in central Ger- 
many (Firbas and Grahmann, 1928); Grodno in 
Poland (Jaron, 1933); diagrams for the last 
three are in Gams (1935), while the first three 
are discussed by Movius (1942). There are also 
the temperate or boreal but not arctic marine 
mollusks in the estuarine silt at Kirmington 
(Wright, 1937; Movius, 1942) and in the marine 
deposits of the March-Nar Sea in the British 
Fenlands (Baden-Powell, 1934) and at Skarum- 
hede in Jutland (Jessen and Milthers). This is 
the age of the Rixdorf horizon, which contains 
mammals indicative of arctic conditions (mam- 
moth, musk ox) as well as such southern species 
as the lion and the hyaena; this rich mammalian 
fauna is surely not all of the same age within the 
interval. In the regions peripheral to the Alps 
and especially at the Aurignacian stations them- 
selves, most of which are caves, the mammalian 
fauna as a whole points to a cold climate; again, 
not all faunas associated with Aurignacian man 
are of the same age as the mixed-deciduous 
floras recognized at the climax of the interval. 
The Daniglacial Interval—Few fossiliferous 
horizons can be assigned to this phase with any 
confidence, and its climatic character is cor- 
respondingly little known. In England, this is 
supposed to be the age of the St. Bees 
and Holmpton peats, the First Retreat (after 
the New Drift glaciation) as recognized by 
Movius. The peat at St. Bees, overlain by till 
taken to be that of the Scottish Readvance, con- 
tains a miscellaneous collection of plant re- 
mains, determined by Miss M. E. J. Chandler: 
Eleocharis uniglumis, Menyanthes trifoliata, 
Hippuris vulgaris, Empetrum nigrum, Lychnis 
floscuculi, Stellaria palustris, Potentilla tormen- 
tella, P. comarum, Primula farinosa, Alisma 
plantago, several sedges, etc. A similar assem- 
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blage of species could be picked in the Lake 
District today, accordingto MissChandler(East- 
wood and others, 1931, p. 244-245). At Holmp- 
ton in Holderness (Reid, 1885) fresh-water mol- 
lusks of a nondescript character underlie a bed 
containing dwarf birch. On the other hand, if 
this was the age of the ““Masurian interstadial”’ 
(Hess von Wichdorff, 1916; Menzel, 1916), some 
deposits of this age point to somewhat cooler 
conditions; at least Planorbis borealis, a fresh- 
water mollusk of northern distribution, was 
found in an otherwise nonindicative fauna (Lim- 
naea stagnalis, peregra, truncatula, ovata, mucro- 
nata, species of Valvata, Sphaerium, Pisidium, 
Anodonta, and scales of perch (?Perca flaves- 
cens)). The flora, according to Stoller (cited in 
Woldstedt, 1929) includes dwarf birch, dwarf 
willow, and alder. The flora seems to be colder 
than the fauna, but when one considers that the 
dwarf birch occurs today in Baltic Germany, 
though admittedly as a relict (Overbeck and 
Schneider, 1938), it cannot be thought of as 
proved that the Masurian interval was colder 
than Poland today, though no one would say it 
was warmer. Gross (1937), however, maintains 
that the “Masurian interstadial”’ is not a strati- 
graphic unit, but a complex of deposits of vari- 
ous ages within the late-glacial of East Prussia, 
including some Allergd layers. 

Evidence of the reality of the First Retreat of 
Movius is rather slender, and the deposits dis- 
cussed here may belong to other episodes. There 
have been several reports, however, of double 
oscillations of Allergd character (Gross, 1937; 
Godwin, 1947), and the older one may prove to 
be of Daniglacial age as here defined. 

The Gotiglacial Interval—With the waning of 
the ice sheets after the glacial episode repre- 
sented by the Pomeranian moraines and the 
Scottish Readvance we are on familiar ground, 
and from this time onward the stratigraphic pic- 
ture is rather detailed. One cannot feel so sure 
about the Gotiglacial or Second Retreat as of 
later episodes, but it is generally accepted that 
that the Allerdd oscillation belongs to this inter- 
val and that it represents a phase of postglacial 
warmth and reforestation of northern Europe 
the Allergd oscillation belongs to this inter- 
advance of the ice. The most conspicuous evi- 
dence of the readvance comes from the Salpaus- 
selka end moraines in Finland. Ina broad belt of 
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country distal to the Fennoscandian moraing 
and stretching from Ireland to Finland agg 
probably to Russia, sections of peat bogs ang 
lake deposits frequently contain, just above the 
bottom, significant quantities of pine and bin) 
pollen, often with macroscopic remains of thes 
and other species. The flora points to a ggg). 
temperate climate that permitted light fores 
development in places. At the type site of AL 
lergd (Hartz and Milthers, 1901) and elsewher 
deposits of this sort are intercalated betwee 
two layers (Older and Younger Dryas) carrying 
Dryas octopetala and other arctic plants. General 
references to the Allergd problem are by Gros 
(1937) and Gams (1938). The British Isles have 
been brought into the group of countries having 
Allergd deposits rather recently, with the report 
of Jessen and Farrington (1938) on the Bally. 
betagh site in Ireland, and the working out ¢ 
the lake development of Windermere by Pe- 
nington (1947). Allergd deposits are now know 
also from France (Dubois and Dubois, 1944) 
and from western Norway (Faegri, 1936). 

In the Baltic basin the Baltic Ice Lake cam 
into existence during the Gotiglacial interval;it 
fauna is poorly known, according to Ekma 
(1933b), though it includes a cold-water catfish, 
Siluris glacialis, from deposits near Leningrad 
Outside the Baltic, if we follow Moviw 
account, the Late-Glacial Sea was “the Britih 
and Irish counterpart of the Yoldia Sea of th 
Baltic” (1942, p. 60). On the evidence given 
Movius, however, this cannot be strictly tre 
the Yoldia Sea was later and colder than thesa 
of the Gotiglacial interval. Detailed evidene 
from marine deposits on the southern Scand 
navian North Sea coast, summarized by Exma 
(1933b), shows that an arctic fauna, including 
Pecten islandicus, Portlandia intermedia, 
Macoma calcarea (relatively warm-water mi 
lusks) in addition to the high-arctic Porllendi 
(=Yoldia) arctica! and Arca glacialis was sit 
ceeded by a fauna containing Mytilus edu, 
Littorina littorea, Zir phaea crispata, and the bar 
nacle Verruca stroemia. This fauna was int 

"1 This is the type fossil of the “Yoldia® 
unfortunately it is not a Yoldia at all. The dist 
tion and ecology of this nuculid mollusc havet 
competently summarized by Jensen a 
typical Leda species of the “Leda Clays” of ® 
England and the Maritime Provinces, whi 


doubtless of approximately the same age 
nificance as the Yoldia deposits, are closely 
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and Schneider (1938). 


TABLE 2,—-CHRONOLOGY OF NORTHERN 
Chiefly after Movius (1942), with additions: Aario (1943); Dokturowsky (1938); Firbas and Grahmann (1928); Godwin (1940; 1 
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| GREAT BRITAIN fe 
GLACIAL CHRONOLOGY GLACIAL CHRONOLOGY STAGES OF THE BALTIC | andi aa & 
Northern Europe British Isles Poe | Epeiies 
VII | Alder-oak-elm-birch-beech SUB-ATLANTIC 
————___ 
VIII Ix 
VI SUB-BOREAL 
VII-VIII| VUq 
oes he. E 
ATLANTIC 
poe ak Alder-oak-elm-lime 
ena ee Vb | (Climatic Optimum) vil} Vir 
Vb Pine-hazel VI VI 
Ragunda Mixed-oak begins menial 
Ancylus Lake 
V Pine, with birch 
* | Hazel begins V Vv 
FINIGLACIAL TutrD RETREAT 
Iv Birch-pine, with willow and much PRE-BOREAL 
Yoldia Sea herbaceous pollen IV Iv 
Arctic-alpine plants at Winder- Il Ill 
‘ III 
—— Late-Glacial mere 
Valley glaciation of sea outside 
Fennoscandian Scotland, Ireland; | Baltic Baltic ALLERgo 
Wicklow Ice II | Windermere; Birch-pine-aspen 
Lake woodland; lake mud, peat, with 
subarctic or cool-temperate II II 
GOTIGLACIAL SECOND RETREAT plants, beetles 
Pomeranian (Wiirm Scottish Readvance Still covered by ice I I 
Il) I 
St. Bees Peat: flora like Lake District 
DANIGLACIAL First RETREAT Ice receding today 
? Chara mud at Ballaugh 
Brandenburg (Wiirm New Drift glaciation | Covered by ice Extinction of mammoth and wooly rhino 
Il) (Hunstanton-Hessle) 
Later marine (March-Nar) transgres- 
sion: 
Estuarine silt at Kirmington: S 
Boreal molluscs— Boreal 
Tellina balthica, cockle, mussel, Scrobi- molluscs 
cularia, etc. 
March deposits: 
Tellina balthica, T. calcarea, Cyprina 
islandica, Corbicula fluminalis, oyster, 
ree iwinkl 
AURIGNACIAN INTERVAL] AURIGNACIAN INTER- | Fennoscandia may have Rupet, perietabis 
(Warm I/Wirm II) bee heen an island Pollen at Burn of Benholm; pine-birch 
to birch-pine, alder and oak through- 
out 
Early emergence: peat at Kirmington: 
Alder, birch, pine, spruce, oak, lime, 
elm, holly, ash, hazel 
Fresh-water clay at Kilmaurs: Mam- 
moth, reindeer, pondweeds, crowfoot, 
etc. 
Warthe (Wiirm I) Old Drift glaciation | Covered by ice 
(Upper chalky 
boulder clay) 





TABLE 2.—CHRONOLOGY OF NORTHERN EUROPE FROM THE LAST GLACIATION TO THE PRESENT 
); Firbas and Grahmann (1928); Godwin (1940; 1943); Godwin and Clifford (1938); Hess von Wichdorff (1916); Jessen (1935); Jessen and Milthers (1928); Menzel (1916); Nilsson (1935); Overbeck 
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ceeded by a true Portlandia (high-arctic) 
launa of Finiglacial age, and this is the horizon 
hat corresponds to the Yoldia Sea of the Baltic. 
be list of mollusks given by Movius as typical 
f the British Late-Glacial Sea contains Pecten 
landicus, Cyprina islandica, Astarte borealis, 
4. compressa, Yoldia norvegica, and Macoma 
Bicarea. None of these can be called high-arctic, 
hile Cyprina islandica is not even arctic, but 
Boreal. Thus the marine fauna of the Gotiglacial 
Jorth Sea plainly points to an amelioration of 
imate of Alleréd type, and the British Late- 
Jacial marine horizons should be re-examined 

or amore detailed stratigraphy. 
The Late-Glacial—In regions relatively far 
om the outer limits reached by the last ice 
sheet, as for example southern Germany, it is 
not to be expected that late-glacial stratigraphy 
should correlate in every detail with that 
of more northern districts. The climatic dete- 
joration represented by the Upper Dryas flora 
n Denmark that followed on the Aller¢gd oscil- 
ation was local, in the sense that the influence 
of the readvancing ice did not penetrate very 
ar beyond the ice itself, and the vegetation of 
regions was already in a “post- 
placial” stage of development, though an early 
one. In Swabia and Bavaria the proximity of the 
Alps introduces a complicating factor, for the 
etreat of the Wiirm ice sheet was marked by 
halts and temporary readvances, and these were 
probably synchronous with similar events in the 
Baltic region only in a general way. Reciprocal 
oscillations of the curves for pine and birch pol- 
en have usually been understood as indicating 
interruptions in the deglaciation, as shown in a 
boring from the Pfrunger Ried on the Wiirttem- 
berg-Bavaria boundary (Fig. 1), the birch repre- 
senting a cold phase, the pine a warmer interval. 
Such oscillations, though useful locally, are not 
likely to have taken thesame course everywhere 
in the Alps, and correlation with similar events 
in districts affected by the Scandinavian ice 
heet is difficult if not impossible. It is clear that 
the pine-birch phases found at the bottom of 
nearly every central European pollen profile, 
though postglacial in the strict sense of the 
word, are really of late-glacial age, for there was 

ice both to north and to south. 

Accordingly, a Late-Glacial phase .is dis- 
tinguished, in central Europe, from the Post- 
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glacial. In some respects this is unfortunate, for 
in any chronology based on glacial retreat the 
length of postglacial time must vary according 
to the locality, and in a logical terminology 


Daun-St. 





A = Moorerde, B = Torf, C = Torimudde, D = Lebermudde, 
E = Seekreide, F = Ton. 


FicurE 1.—PoLtEN DiAGRAM FOR A BORING IN 
THE PFRUNGER RIED, A SWAMP ON THE WURTTEM- 
BERG-BAVARIABOUNDARY 


From Fr. Bertsch, 1935, Abb. 8. 


“postglacial” would be used only in a local and 
relative sense. But as stratigraphic refinement 
of “postglacial” time is attained, it becomes 
necessary to distinguish a time when the flora 
and fauna were influenced by the presence of 
near-by ice from a time when they were not. For 
the presen, and until an absolute chronology is 
available, the only way out of the difficulty is to 
sacrifice logic for expediency, and to adopt as 
an arbitrary dividing line between “late-glacial’”’ 
and “postglacial” some well-recognized event 
during deglaciation. Firbas (1939, p. 83) places 
the boundary at the retreat from the Fenno- 
scandian end moraines, which supposedly began 
about 10,000 years ago according to the Swedish 
chronology, and this convention is accepted by 
most workers, even though it is difficult to apply 
in the British Isles. 

‘ The term “late-glacial” is thus used here so 
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far as possible. In Firbas’ region, the lowlands of 
central Europe, the general synchrony of retreat 
of two ice sheets, one to the north and the other 
to the south, considerably reduces the possi- 
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FicurE 2.—PoLLEN DIAGRAM FOR A BORING 
IN THE FEDERSEE IN SWABIA 


Showing abundance of herbaceous pollen during 
late-glacial phases. From Firbas (1935, Fig. 2). 


bility of misunderstanding. We cannot expect 
such events as the Allergd oscillation to show up 
everywhere in deposits of the same age, but we 
can expect to find that climatic conditions at 
this time were roughly comparable everywhere 
between the Alps and Scandinavia. Outside cen- 
tral Europe “the Late-Glacial” should not be 
used as a stratigraphic term, but the adjective 
“late-glacial” must often be used, particularly 
in North America, to describe that segment of 
time, postglacial at some locality but glacial at 
some other locality not far away, when the 
proximity of ice was a potent factor restraining 
biogeographic movements. 

In his impressive monograph of the subject, 
Firbas (1935) distinguishes three phases of late- 
glacial age: 

1, A treeless phase, corresponding to the time 

of the maximum of the last ice sheets 
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2. A subarctic phase of birch and pine we 
land, in which warmth-loving trees 
absent 

3. A preboreal phase with the first appe 
ance of warmth-loving trees 

The treeless (tundra) phase is characterized, 
by the absence of pollen, but by large quantit 
of pollen of herbaceous species (sedges, grasgs 
etc.), as conspicuously shown in Figure 2. Polls 
of willow, pine, and birch is represented, by 
most of this is regarded as wind-borne from; 
distance, for the herbaceous component seld 
reaches such high values (several hundred pe 
cent of total tree pollen) when a forest cover; 
present. A detailed report on this problem 
been made by Aario (1940; 1943) on the basisqi 
a transect from the arctic tundra at P 
into the forested region of central Finland. Tr 
results are on the whole favorable for the belie 
that NBP (Nicht-Baum Pollen, nonarborea) 
can be used as Firbas and others have used 
though there are some complications. 

It is noteworthy, though perhaps to be « 
pected, that the tundra vegetation of centr 
Europe during the late-glacial phases was of 
considerably more complex type than 
found today in tundra regions. This point i 
emphasized in recent reviews of the problem} 
Godwin (1947) and Firbas (1947). Careful a 
tention to the herbaceous component of t 
pollen flora has revealed, besides the grassaiij 
sedges, Dryas, Oxyria, Armeria, Empetrum, 
Selaginella, all of which are to be expected, 
genera as Artemisia, Rumex, Thalictrum, Hi 
pophae, and Helianthemum. These genera 
central European rather than arctic in affiniti 
and testify to the remarkable glacial in 
mingling of the biota in the region be 
the Alpine and Scandinavian ice sheets. 

A map of Germany, on which are plotted! 
percentages of pine and birch pollen during # 
subarctic phase of a large number of bori 
(Fig. 3), makes it reasonably clear that the pi 


moved in from the southeast as it replaced th indi 


birch. Taking a larger view of Europe # 
whole, as Firbas does (Fig. 4), it seems that 
vegetational zonation during the Late-Glaciali 
becoming rather clear. Firbas’ maps show 

a high point of elegance pollen workers have 
tained in Europe; it may be churlish to 
mark that there is no proof that the poll 
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spectra from which they are drawn are of ex- 
actly the same age. 

The Postglacial.—Detailed discussion of the 
history of the European vegetation from the ac- 
tual inception of warm conditions to the present 
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FicurE 3.— VEGETATIONAL DEVELOPMENT DURING 
tHE SUBARCTIC PHASE OF THE LATE-GLACIAL OF 
EvROPE 


Based on pollen percentages at sites represented 


ofaf by vertical lines. Redrawn from Firbas (1935, Fig. 


10). 


bs seems to be unnecessary here, for the main out- 
lines are familiar to most students of the Pleis- 
WS tocene, and Tables 2 and 3 embody the most 
important information. The account given by 
Zeuner (1946) is admirable, though brief; it re- 
lies heavily on the book of Karl Bertsch (1935), 
which has not been available to the writer. Mo- 
vius (1942) gives an excellent account of the 


itt§ British Isles. The literature of the subject is 


enormous, but fortunately annual bibliogra- 
phies are still being published by Erdtman in 
the Firhandlingar of the Geologiska Féreningen 
mS of Stockholm. 

mS ©The large number of pollen zones recognized 
in postglacial sections by workers in different 
ing countries, approximate correlations of which are 
indicated in Tables 2 and 3, should not be al- 
lowed to obscure the main sequence of climatic 
changes. For most parts of Europe it is still true 
that three phases—the “increasing warmth”, 
“maximum warmth”, and “decreasing warmth” 
of von Post—are recorded in pollen diagrams 
and supported by a wealth of additional evi- 
dence. The widely quoted estimates of the 
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average July temperature in Denmark (Pre- 
Boreal, 8° C; Boreal, 14° C; Atlantic, 16-17° C), 
though based primarily on marine fossils, are 
entirely reasonable in the light of terrestrial 
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FIGURE 4.—VEGETATIONAL ZONATION DURING THE 

CLOSING STAGES OF THE LasT GLACIATION 

Closed circles: treeless glacial flora; open circles: 
birch- and pine-phase layers without warmth-loving 
trees; crosses: birch- and pine-phase layers with 
small but consistent amounts of warmth-loving 
trees. Glaciated region shaded, local glaciations not 
shown. From Firbas (1939, Fig. 6). 


finds (Werth, 1928). On these temperature 
changes are superimposed the finer-scale embroi- 
deries, whether they point to a Blytt-Sernander 
sequence (Boreal, cool, dry; Ailantic, warm, 
moist; Sub-Boreal, cooler, drier; Sub-Aitlantic, 
cooler moister) or toan even greater refinement. 
Some of the latter is of course phytogeographic 
rather than climatic in origin, as is seen in an 
instructive series of diagrams for beech pollen 
assembled by Bertsch and reproduced by Zeu- 
ner (1946, Fig. 32); beech is shown to have immi- 
grated into southern Germany from the south- 
east and the southwest, and reached Swabia 
comparatively late. Interesting syntheses of 
data for pine and spruce have been prepared by 
Firbas (Figs. 5, 6). 

Postglacial animal stratigraphy.—It is scarcely 
necessary to say that the stratigraphic relations 
of animal fossils in the Late-Glacial and Post- 
glacial of Europe are much less well known than 
those of plants. The larger animals are not very 
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suitable for the purpose, and the smaller ani- 
mals have been little studied. Among the few 
groups which have drawn a certain amount of 
attention, mollusks and beetles are outstanding. 
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FicurE 5.—POLLEN ISOPLETHS FOR PINE. 
DURING THE POSTGLACIAL 
bo, Boreal; af, Atlantic; sb, Sub-Boreal; sa, Sub- 
Atlantic. Pine pollen percentages under 5, dotted; 
5-50, open shading; 50-80, close shading; over 80, 
black. Crosses are finds of fossil wood. From Firbas 
(1939, Fig 4). 


The picture revealed by the marine mollusks of 
the Baltic basin is too well known to warrant 
discussion here; a summary may be found in 
Ekman (1933b). Land and fresh-water mollusks 
are well represented in deposits of northern 
Europe as elsewhere, but no compilation like 
that of Baker (1920) for North America seems 
to be available. Among the works of more re- 
stricted scope, there is a monograph by Favre 
(1927) of the mollusks of the Geneva basin, in 
which the postglacial fossil and modern faunas 
are compared species by species; the postglacial 
specimens fall into two main faunas: one, char- 
acterized by Goniobasis ruderatus, implies con- 
tinental, rather cool conditions, and is presumed 
to be of Boreal age (Favre’s “Boreal”, however, 
includes the late-glacial Magdalenian horizons); 
the later fauna contains a large number of 
Mediterranean and Pontic elemeats, some of 
which are extinct in the basin today, and is said 
to be of Atlantic age. No convincing stratig- 
raphy is presented, the work having been done 
before the applicability of pollen analysis was 
generally realized by zoologists. 

More satisfactory, and apparently very little 
known, is a remarkable work by Henriksen 
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(1933) on the Pleistocene insects of Denmayg 
and Scania. No less than 270 species of insegy 
are known as Pleistocene or postglacial fossil, 
240 of them beetles. This very rich materia] sup 
plements at every step what is known of th 
plant stratigraphy, and in a few cases the occy. 
rence of monophagous species, such as Gale 
cella luteola, enables one to predict that the fooj 
plant (elm, in this case) will eventually be founj 
in the deposits. The proportion of aquatic 
terrestrial species is naturally higher than fy 
the fauna of Denmark as a whole, but within th 
peat deposits this proportion changes sys 
tematically with the relative dryness of the bog 
stage: the ratio varies from 50:50 in very wet 
Sphagnum-Scheuchzeria peat, to 20:80 in Phrag 
mites—forest peat, and 23:77 in the driest birch. 
forest peat. The principal stratigraphic results 
are condensed in Table 4, but the Danish orig. 
inal, with its numerous species lists and distriby. 
tion maps, is impossible to summarize in full 
The catalogue gives a full account of moden 
distribution, fossil eccurrence in Denmark an 
elsewhere, and general biology of each specie. 
Of course Pleistocene beetles are known fron 
other European countries, notably the Lowe 
Pleistocene deposits at Boryslav in ick 
(Lomnicki, 1894), and a summary of the Britis 
occurrences, now considerably out of date, i 
given by Bell (1922). 

The stratigraphy of the Pleistocene as estab 
lished by vertebrate paleontology falls outsid 
the scope of this review. Many of the most f 
mous sites, important both archaeologically ani 
biologically, cannot be dated except by thei 
vertebrate fossils, and this procedure leads to 
sults that are usually quite crude as well as ca 
troversial. Postglacial vertebrate remains ha' 
not lent themselves so far to a detailed strati 
raphy, though it should be mentioned th 
Degerbgl (1933) gives a valuable catalogue 
Danish mammalian finds primarily fm 
archaeologic sites, and the Danish fishes 4 
treated by the same author (1945). 


Pleistocene Biogeography of Central Europe 


General discussion.—It is convenient tobegi 
the discussion of existing ranges and their i 
plications with a map (Fig. 7) of the preset 
range of Rhododendron ponticum, for in this ¢ 
some stratigraphic information is at hand. Thi 
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Dmatt® species, HOW showing a spectacular disjunction 
insechll of range and represented by different varieties in 
fossik§ gifferent areas, is spoken of as a “Tertiary” re- 
al sup jict by Cain. The species may be “Tertiary”, 
of th 
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have met in their postglacial expansion. Another 
zone of overlap runs across Scotland, the hoodie 
crow having presumably entered Scotland 
directly from Scandinavia, and still another 
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but the distribution pattern is Pleistocene. The 
ossil occurrences are of interglacial age (the 
most famous being in the Hétting breccia in the 
Alps, probably second interglacial), and a for- 
d thiiner widespread distribution has been dissected 
ogue “by repeated glaciations. 
frog Numerous cases among animals and plants 
hes @lrould be cited to show much the same thing, 
hough fossil evidence is not usually available. 
the carrion and hoodie crows (Corvus c. corone 
and C. c. cornix) provide a familiar example: the 
@ Former is the form of western Europe, the latter 
pat of eastern Europe, while a narrow zone of 
res@@hybridization running from Italy to the Baltic 
"pea marks the line where the two subspecies, 
differentiated in isolation during a glacial stage, 
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1GURE 6.—RELATIVE POLLEN FREQUENCY OF SPRUCE DURING THE POSTGLACIAL WARMTH MAXIMUM 
Redrawn from Firbas (1939, Fig 3). 


runs from the Yenisei River to the Altai Moun- 
tains and then west to the Sea of Aral. The logi- 
cal assumption is that the central population of 
crows acquired the hoodie coloration (Huxley, 
1943, p. 248-250). Other cases in which a pair of 
closely related species, one of eastern or north- 
eastern and one of western or southern distribu- 
tion, have come together in central Europe, are 
cited by Rensch (1933) (the snails Clausilia du- 
bia and C. bidentata, the creepers Certhia 
familiaris and C. brachydactyla, etc.). As Reinig 
(1939) points out, many of the cases supposedly 
showing adaptive variation along a character- 
gradient or cline and interpreted in conformity 
with Bergmann’s Rule, Allen’s Rule, etc., are in 
reality due to postglacial changes of range. The 
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The diploids have local, discontinuous distrib, 





explanation applies even more strongly to clines 
that are apparently not adaptive. 

In other cases, though the history of glacial 
and postglacial changes of range has doubtless 





(Henriksen, 1933) 





























tions, seemingly having lost the capacity § 
spread, and are chiefly confined to regigg 
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TABLE 4.—SumMARY OF DANISH Fossit INSECTS fa 





























































date it by taxonomic studies alone—the whole 
of central Europe is occupied by a single wide- 
ranging species with no close relatives in ob- 
vious glacial refuges. In only a few animal 
groups (birds, mammals, certain insects, and 
land snails) are the systematic relations well 
enough understood to permit the recognition of 
subspecies, which are usually more illuminating 
in this respect than species. Among plants, 
where a study of chromosome numbers often 
makes it possible to deduce the ancestry of pop- 
ulations not morphologically distinct from their 
parent stocks, some instructive examples of 
Pleistocene effects have come to light. One of 
these is the crucifer Biscutella laevigata (Man- 
ton, 1934; 1937). Figure 8 shows the distribution 
of diploid and tetraploid races of this species; 
the tetraploids, which are younger than the dip- 
loids and derived from one or more of them, 
are vigorous and geographically aggressive and 
have colonized the glaciated parts of the Alps. 









Beech Zone ca. 16 species appear, e.g. Barynotus squamosus » 
Mixed-Oak ca. 113 species appear, e.g. Lucanus cervus (oak insect) | 
Postglacial Zone Some dropped out since, e.g. Laccophilus variegatus 
ca. 38 species appear, e.g. Calosoma inguisitor 

Pine Zone Some dropped out since, reintroduced with spruce plantations (e.g. Hyle|} / 

bius abietis) hon 

\Fi¢ 

Northern | Cent. Ey. c 
Species ropean || 

Species hg 

Late-Glacial ca. 75 species known, 3) Allergd 3 9  Hsm: 

extinct (e.g. Nebria fos-| Betula nana 6 15 dyr 

silis) Salix polaris & Betula 9 4 btha 

15 dropped out since, e.g.| nana | 

Bembidion glaciale Coldest Dryas 5 1 | a 

Last Interglacial 10 species sure. lve 

e.g. Otiorrhynchus dubius 
Pterostichus nigrita 

. ince 

0 ¢ 

been the same, it has not been possible to eluci- giaciation. That the diploids are of interglacial ‘Se 


age while the tetraploids are postglacial seems\whi 
unquestioned; but it is doubtful whether thetion 
diploids survived the last glaciation everywhere ro: 
they are now found, as Manton believes. It ise 
more likely that the diploid races of the Rhinepop 
and Elbe valleys, at least, migrated to theitpiot 
present districts during late-glacial or post-prad 
glacial time. ‘sen 

The discontinuous, “pulverized”’ distributionfutel 
of the diploid races of Biscutella brings out apop 
point that occurs with great frequency in thePleis 
study of biogeography, and may be emphasizedfecol 
now. Other factors being equal, the rate of dit} Ai 
ferentiation within the population of a specissome 
varies inversely with the size of the populatiotake 
When the population (i.e., the group all Gout! 
whose members can potentially interbreed) iMnass 
large, mutation to genes that are favorabiepnje 
under the existing environment reaches equilib} lo 
rium with the forces opposing preservation @ifo th 
such mutations (selection, linkage with unltng 
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us distribe.} rable genes, etc.) at a level that yields a vari- 
capacity able, plastic population some of whose members 
to regions may be pre-adapted genetically to different 
ng the lat} vironments. Large populations with a large 
umber of (genetic) biotypes are therefore in a 
favorable position to spread and to undergo 
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FicurkE 7.—PRESENT RANGE OF Rhododendron 
ponticum, WITH INTERGLACIAL Fossit LocaLities 


From Cain (1944a, Fic 35). 





Cent. Eu. 
ropean || 
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id evolution when conditions change. In 
9 ismall populations, on the other hand, the 
15 fidynamics of the genetic equilibrium are such 
4 that some genes, both favorable and unfavor- 
le, are either fixed or lost in favor of their 
-Ayhutated alleles, and the result is likely to be a 
~ genetically homogeneous population, differing 
Apharply from the ancestral species in characters 
t are not necessarily adaptive, and relatively 
capable of responding in an evolutionary sense 
to changed environments. This is the so-called 
ial ‘Sewell Wright effect” or “drift”, the effects of 









































vhether thetions are compared with those of the mainland. 

From the biogeographic point of view it is cor- 
Brect to speak of isolation of small segments of a 
ation as leading to “depauperization of 
ed to theitbiotypes”, as does Hultén (1937). This idea has 
pradually come to supersede the older notion of 
‘senility” of species. The diploid races of Bis- 


in thePleistocene and now showing little capacity for 
ized fecolonization. 


aken from Cain (after Waclaw, 1934). In 
outhern Poland an outlier of the Carpathian 
massif has been isolated by the valley of the 

Dnjestr, and is now- drained southward by 
ip long series of parallel canyons tributary 
o that river and believed to have been cut dur- 


with uniting the last interglacial age. In the canyons 





themselves are two groups of plants, one (now 
growing in the humid forests) of western, 
humid-oceanic distribution, the other (now 
found on drier, more open hillsides) of eastern, 
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Ficure 8.—OccuRRENCE OF DriPLorip AND TETRA- 
PLOID Races OF Biscutella laevigata In CENTRAL 
EvuROpPE 


From Cain (1944a, Fig. 56), after Manton. 


continental distribution. Both groups are 
thought to be postglacial immigrants, the for- 
mer having come during cool moist phases, the 
latter during the xerothermic interval. But on 
the interfluves is another group of plants, with 
no demonstrable relationship to the canyons. 
These are believed to be survivors of the plateau 
vegetation antedating the cutting of the can- 
yons. This sort of hypothesis, according to 
which temperate plants stay on uplands while 
valleys are cut all around them by drainage 
arising from Pleistocene climatic regimes, does 
not withstand critical scrutiny. We shall have 
to deal with it again in the section on North 
America. It does not matter that in this case 
the Pleistocene climate under which the valleys 
were cut was periglacial rather than glacial. 
Pollen stratigraphy shows that too much has 
happened, in periglacial Poland as well as in 
regions actually covered by ice, for such an ex- 
planation to be tenable. The plants in question 
are cool-temperate and montane species, found 
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elsewhere in the Carpathians, in Siberia, and in 
the Caucasus. They presumably arrived in 
southern Poland after the birch phase and along 
with the pine during the subarctic or pre-boreal 
phases shown in Table 3 for near-by Hungary. 
They are not, of course, at home in the canyons, 
being montane species. Some species of the 
same type have doubtless moved into the can- 
yons, and are now indistinguishable geographi- 
cally from one of the other two groups. But if 
more of them had done so, or if the interfluves 
were slightly lower, the improbable idea that the 
plants are pre-canyon relicts would not have 
suggested itself. 

Glacial refuges.—It is proper to inquire now 
into the location of the places to which the tem- 
perate flora and fauna of central Europe re- 
treated during glacial ages, particularly during 
the last glaciation. In subsequent sections it will 
be shown that some proportion of the species 
now characteristic of northern Europe, es- 
pecially Scandinavia, may have survived the 
last glaciation in ice-free districts on the coast of 
Norway, while survival of a few Irish species 
through the New Drift glaciation cannot yet be 
absolutely ruled out. During the coldest phase 
of late-glacial time the greater part of Europe 
between the Scandinavian Ice Sheet and the 
Alps was occupied by a “grass-sedge tundra 
with scattered patches of tree birches” (God- 
win, 1947), so that species now at home in a 
biotic community of this type clearly could have 
survived in southern Germany, Bohemia, and 
Poland. Forest trees, however, are not among 
these species, and the whole community, though 
taxonomically more complex than typical tun- 
dra today (doubtless because the summers were 
warmer and longer at such relatively low lati- 
tudes), certainly could not have included any 
large fraction of the species now found in tem- 
perate Europe. 

Biogeographers are rather sharply divided on 
the question of survival of species through a 
glaciation. Many workers find it impossible to 
believe that conditions were any more svere 
than today even a few miles beyond the ice bor- 
der. Though they admit that districts now 
showing good geologic evidence of having been 
completely overridden by an ice sheet were 
stripped of their vegetation, they commonly 
permit their species to take refuge (in imagina- 





PLEISTOCENE RESEARCH 


tion) on south-facing slopes, fjords, bays, g thet 
emerged continental shelves, and the like, ing far & 
immediate neighborhood of the ice. Whe 








a 
pressed by the arguments of the opposj yo 
school, they often deny the validity of the geo snore 
logic evidence, pointing to divergence of opiniag o¢ hi 


among geologists, or take refuge themselya yfed 
(still speaking figuratively) on the Malaspina} pian 
Glacier in Alaska, where a forest is growing tof of co 
day. The latter, of course, is a false analogy, If cos le 
is a curious fact that writers to whom it seem p 
possible that plants “over-wintered”’ near q had : 
even under an ice sheet also find it possible tq Euro 
believe that plants survived the destruction of force 
Krakatau, mantled as it was with a blanket f west. 
hot ashes 30 meters thick (Dammerman, 1948)} some 

It will be obvious that the writer belongs t@ the r 
the party of opposition, which holds that su¢ glacia 
survival is unlikely for any plants not now men 
bers of the periglacial communities of Greenfjem, 
land, for example, and impossible for forest-trey Ay 
species and their associates. It seems no longed that { 
necessary to pursue this argument by a proces given 
of assertion and counter-assertion. Stratigl tem, 
raphy, particularly pollen stratigraphy, #mover 
making it increasingly evident that the gre upwar 
ice sheets of the Pleistocene were bordered bi een ¢ 
broad belts in which periglacial climates, witl that t 
solifluction phenomena and accompanying dus§ ¢hat j 
storms, prevailed, and that these climates wer raphy 
as effective barriers to the spread of warm-tai Schar! 
perate species as were the ice sheets theraselve 

Unfortunately, as research progresses, iti alpine 
becoming easier to prove that a given localiff showir 
was not an important glacial refuge, but m 
difficult to find a locality that was. Vari 
workers have thought that the lower Dan 
valley, in Hungary and Rumania, must h 
served as the chief center of survival and 
glacial migration of the central E 
forests. Basins suitable for the retention of pal 
















But a few pollen diagrams are now availabi 
for Hungary, Kintzler (1936) and Soé von Be 
(1940) have shown that the late-glacial 


what higher proportions of oak and other dedi 
uous species. (See Table 3, also Figure 4.) 
manian pollen diagrams have not been see 
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the writer, but it may be that we must look as 
far as the Ukraine or even the Caucasus to find 
ce. Wheg, genuinely important glacial refuge. On the 
other side of Europe, in the Iberian peninsula, 


of the geol there is virtually no evidence except from basins 
of opining gt high altitudes, while on the shores of the 
themselys} Mediterranean (Bate, 1928; Firbas, 1947; 


Malaspina Blanc, 1937) the glacial-age fauna and flora were 








































rowing to} of cold-temperate or subarctic character even at 
nalogy. I sea level. 

n it seem§ Jn summary, the Pleistocene glaciations have 
”” neat of had a profound effect on the ranges of central 
ossible ty European species. The biota in general was 


forced to retreat into southeastern and south- 
western Europe or farther, with the result in 
8)) some instances of taxonomic differentiation, and 
the recolonization, generally speaking, is post- 
i glacial. We should now take a closer look at the 
em species of the Alps for further light on the prob- 
4 lem. 

Alpine biogeography.—The Darwinian view 
nges that the post-Ice Age migration of species has 
given rise to the boreo-alpine distribution pat- 
iff tem, the arctic and cold-steppe biota having 
Hmoved both northward to the Arctic and 
geil upward to high altitudes in the Alps, has not 
MN been challenged except by Scharff, who doubted 
itl that there ever was an Ice Age, or if there was, 
that it had any important effect on biogeog- 
Wiraphy. It is not worth while today to take 
Scharff’s curious views seriously. But there have 
vi been persistent suggestions that the boreo- 
Halpine pattern is not identical among all species 
showing it—z.e., that some species became al- 
pine after one glaciation, boreo-alpine after a 
iMG later glaciation—, and this possibility deserves 
careful consideration. There are, first of all, 
@Wcases where the boreo-alpine pattern is not 
os shown by the species, but by a larger group such 
aias a genus. A typical “species pair’, one member 
of which is boreal, the other alpine, is shown by 
the midges Diamesa lindrothi and D. latitarsus 
i (Thienemann, 1941), and several other ex- 
ue amples are cited among Coleoptera and Hemip- 
ai tera by Holdhaus (1912), such as the subgenus 
"Oreostiba of the staphylinid genus Athela, six 
species of which are strictly boreal in Europe, 
; while four others are alpine. Such cases suggest 
te multiple glaciation, one glaciation to push the 
Weroup into central Europe, a second permitting 
specific differentiation of alpine from boreal 
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forms. In view of the wide variation in rate of 
evolution among organisms, however, it would 
be naive to assume that all such cases meces- 
sarily imply multiple glaciation. 

It is worth noticing that several of the bird 
species of boreo-alpine distribution (redpoll, 
ring-ouzel, ptarmigan, etc.) are represented in 
the Alps by different subspecies (Reiser and 
Holdhaus, 1935), and the same is certainly true 
of mammals. This suggests that the degree of 
taxonomic differentiation is as much a function 
of how closely one looks at a species as of the 
age of its isolation. 

Again, it is a familiar fact that sibling species 
often occur together within a very small area. 
Jeannel (1928) cites several pairs of closely re- 
lated species in the beetle genus Trechus in the 
Carpathians and mentions that no less than 
four sibling species (the group of T. strigipennis) 
occur together in the alpine zone of Mont Rose 
in the Alps. Such species must have differen- 
tiated in different places or at different times or 
both; but as it is unlikely that four different 
places were available in the neighborhood of 
Mont Rose the implication is that the same 
places served during different glaciations as re- 
gions of isolation. 

Coleopterists seem to have been especially ac- 
tive in urging the view that the alpine species 
are not all of the same age. Holdhaus (1932, 
1933a, 1933b, 1939; Holdhaus and Lindroth, 
1939) has perhaps been the leader, but the 
French logic of Sainte-Claire Deville forms a 
more attractive starting point for discussion. 

According to Sainte-Claire Deville (1928), 
the Darwinian position among coleopterists is 
represented by the views of Oswald Heer. But 
the number of species to which Heer’s explana- 
tion applies—+.e. typically boreo-alpine species 
with no close relatives in central Europe—is 
very small, perhaps half a dozen among 
the more than 5000 alpine species. Instead, one 
finds facts such as the following: (1) The largely 
arctic staphylinid genus Mannerheimia is repre- 
sented in central Europe by four species; M. 
arctica, which lives in Siberia and extreme 
northern Europe, occurs also in the Col du Stel- 
vio; M. aprutiana is isolated in the Abbruzzi at 
Cime de la Majella; M. doderoi is similarly iso- 
lated at Valsa Varanche; and M. divergens is 
known only from Siberia, Jamtland in Sweden, 
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=" 9°10 
FIGURE 9.—FREQUENCY DISTRIBUTION OF ENDEMIC 
BEETLES IN CERTAIN GENERA, ACCORDING TO SMALL 
REGIONS IN THE ALPS 

m, a northern transect from west to east; s, a 
southern transect; 6 and a, intermediate transects. 
Ye number of species. From Heberdey (1933, 
Fig. 12). 


and the Altai Mountains. This is a relict dis- 
tribution much older than Heer’s hypothesis 
would permit. (2) Hypnoidus hyperboreus is dis- 


tributed across northern Europe from Norwe-. 


gian Finnmark to the Yenisei River; it then 
occurs in a number of isolated localities on the 
southern flank of the Alps, such as the Dolo- 
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mites, Mont Rose, Haute-Maurienne aj 
Mont-Cenis, and the Provencal Alps. Why, j 
Heer was right about glacial-age intermingliy 
of faunas in northern Europe, are there nop 
licts on the northern flank? (3) Dytiscus lappogi 
cus has its southern limit of continuous northen 
distribution at Amsterdam; there is a represe. 
tative race, disjunctus, in the region of the Lap 
della Maddelena, but the typical race aly 
occurs in the Alps (La Grave, Mont-Ceng 
Simplon). This certainly suggests that D. |. dis. 
junctus is a “preglacial’’, .e., interglacial relic, 
(4) The coleopteran fauna that has colonized the 
glaciated Alps is the “Hercynian” fauna, ig, 
the one composed of widely distributed centr) 
European species, occurring also in the Vosges, 
the Jura, and the south German ranges, Th 
peculiar species, those whose distinctness and 
spotty distribution suggest that they are relicts 
of an earlier fauna, are largely confined to th 
“massifs de refuge”, the plateau remnants o 
the southwestern and southeastern parts of th 
Alps (a few also occurring on the north flank), 
which were not glaciated at least during th 
last glacial age. 

The term “massif de refuge” goes back to the 
botanists, Chodat and Pampanini. It is widey 
used in studies of this problem. A massif der 
fuge is not a nunatak, since it was not com 
pletely surrounded by ice. There seems to kk 
no question that such areas exist, or that they 
now shelter a number of peculiar species. Itis 
also true that the endemic species are not only 
isolated from each other but are divisible into 
two groups, the southeastern and the south 
western parts of the Alps having completely di- 
ferent faunas, and being separated by a (fr 
merly glaciated) zone now colonized by widely 


do not eat phanerogamous plants and so arend 
tied to them in migration, which are flightles 
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or capable of spreading with great difficulty, 


nne a 
. Why, ifand which belong to genera or subgenera having 
srmingliygat least five species in the Alps, so that 


ere no m ! 


BIOGEOGRAPHY OF PLEISTOCENE 


1337 


line was depressed below the level of their lowest 
occurrence today. They must therefore have 
reached their present localities postglacially. If 
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, not only Ficue 10.—DIsTRIBUTION OF THE EASTERN ALPINE SPECIES OF Dichotrachelus (COLEOPTERA,CURCULION 


isible into 
he south 
letely dit lose relatives can be compared. By dividing the 
by & (fot-beetles further into widespread versus endemic 
by widely bpecies, and plotting the numbers of endemics in 
e distribtPhese genera by geographic districts, bimodal 
is contt*frequency distributions are shown to be real 
> be “pr ig. 9). An east-west transect along the 
orthern flank of the Alps (m) makes it 
tedate tit lear that the endemics are almost completely 
peparated by a central zone of widespread 
ies, and this pattern is still more obvious on 
el transects farther south, until the south 
(s) is reached, where it breaks up. But 
ese endemics, though they were clearly dif- 
erentiated during a glacial age, cannot have 
ived a glaciation on the north flank of the 
ps, for we know that the Pleistocene snow 































IDAE) Redrawn from Franz (1936a, Abb. 6). 


this is true for the north flank, there is no reason 
to suppose it is not true for massifs de refuge 
elsewhere. 

It is possible, of course to argue, that Heber- 
dey’s treatment of the problem is overly syn- 
thetic, in that it conceals under the term “‘en- 
demic” real differences in age of species. Accord- 
ingly, it is not likely to be accepted by workers 
who consider, on the basis of detailed studies of 
smaller groups, that traces of multiple glaciation 
are still detectible in the fauna of the Alps. 
Franz (1936a) presents an argument which, 
though not irrefutable, is typical of the sort of 
evidence biogeographic studies can yield. Figure 
10 shows the distribution, in the eastern Alps, 
of the species of the curculionid genus Dicho- 
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trachelus. Evidently three stages of faunistic dif- 
ferentiation are represented. D. luszei and D. 
grignensis are extremely local endemics, each 
supposedly having survived the last glacial age 
on a different massif de refuge, where they still 
are. D. imhoffi belongs to the same group, 
though it has colonized glaciated areas some- 
what more successfully. D. vulpinus, on the 
other hand, though widespread, is almost con- 
fined to massifs de refuge, its disjunction on the 
north and south flank is not edaphically con- 
trolled, and it has left a distinct subspecies, 
pygmaeus, in one of the southern centers of 
refuge. D. stierlini, the youngest species phylo- 
genetically, occurs indifferently in formerly gla- 
ciated and unglaciated mountains. As the last 
is obviously postglacial, the others are thought 
to imply differentiation and disjunction dating 
from an earlier glaciation. A very similar situa- 
tion is found in the land snail genus Orcula 
(Zimmerman, 1932). 

Though such cases establish age differences 
in specific distribution patterns, they do not 
require that each age difference date from a 
different glacial age. Multiple glaciation perhaps 
affords the best explanation of the facts, and, 
as we know it occurred, it would be surprising 
if some traces of it were not found in the mod- 
ern fauna and flora. But so long as alternative 
explanations (accidental spreading to a dis- 
tance, incomplete knowledge, etc.) can be pre- 
sented, rigorous proof that might be acceptable 
to a geologist is lacking, and biogeographic 
data remain far inferior to stratigraphic infor- 
mation as indicators of multiple glaciation. We 
can summarize the discussion, then, by saying 
(1) the colonization of glaciated districts within 
the Alps is postglacial; (2) the species driven 
from the Alps and from northern Europe by 
glaciation survived the glaciation somewhere; 
(3) the principal refuges were in southwestern 
and southeastern Europe; (4) some detailed 
distributional studies suggest that alpine dis- 
tributions are not all of one age, and may reflect 
multiple glaciation. 

Relicts of xerothermic intervals—As the post- 
glacial stratigraphy shows, the climate of cen- 
tral Europe has been warmer and drier than 
today. During such intervals some species have 
expanded their range from the east, and some 
of them have contracted once more (see map 
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for pine, Fig. 5), while others have had thes py 
range greatly dissected by subsequent climaiyl gif 
changes. arc 
Species of interest in this connection anf mo 
mostly continental types, belonging to gener pre 
of central Asiatic distribution, and some nog} nor 
persist in relatively dry localities, such as sanj gla 
plains and open pine woodlands. In other wonk} any 
the distribution pattern is a mirror image of the} last 
“prairie peninsula” pattern of eastern Nort the 
America and reflects analogous causes. As 
North America, it is often difficult to decided str: 


or due to human interference with the natunl 
vegetation. However that may be, a long li 
could be given of eastern species of very mr 
stricted distribution in central Europe, somed} wid 
which extend even to the Atlantic coast. The} are 
list would naturally be longer for Hungary ani} poss 
the lower Danube valley than for southen 
Germany, while the numbers are still small 
for France and Spain. 

A full discussion of this problem, confined] that 
however to animals rather than plants, is give} buti 
by Franz (1936b). A particularly good casei} or g 
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the katydid Ephippigera vitium, whose di mor 
tribution is thoroughly analyzed by Zeunef be k 
(1929). As to which of the several relativelyg anot 
warm and dry postglacial climatic phases way plan 
primarily responsible for this leakage of cong som 
tinental types into central Europe, only stratif tion: 
graphic information can decide. For the truly fashi 
continental organisms, the Boreal interval offerg speci 
the most reasonable guess; for some that requir the : 
warm but not necessarily dry conditions thy Nor 
Atlantic phase was doubtless responsible. Bai the | 


only in a few cases, such as that of Naas flesilit] centr 
which is known to be a Boreal relict (Sandegrenj been 
1931/1932), is it possible to be certain on thi areas 
point. level 

Scandinavia.—In central Europe, as we havq vival 
seen, the “glacial refuges” are not likely to hav plant 
harbored warm-temperate species or sped] Ce 
that are widely distributed in the region today] have 
Climatic conditions were too cold in the Danubq owing 
valley, for example, to permit the persistent] uges, 
of any large fraction of the members of 4 wort 
mixed-oak forest community, and the speci certai 
that did persist there are those now foum§nomic 
chiefly in arctic and subarctic regions. When ¥4 exam; 
reach Scandinavia, however, the problem @tingui 
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tN Pleistocene biogeography begins to wear a 
= different aspect. Much of Scandinavia is sub- 
arctic today and its biota, particularly in the 
mountains, is markedly impoverished. The 
probability increases, therefore, that species 
now found in the region may have survived 
glaciation somewhere in the near vicinity. At 
any rate, fairly extensive survival during the 
last glacial age is accepted by most students of 
ern North} the problem, including some (such as Faegri) 
ises. As inf who have had first-hand experience in pollen 
. to decikl stratigraphy. Faegri’s review (1937) of the 
ire natunlj problem may be consulteu for references to the 
the natunlf important literature, while a more recent ac- 
a long lis} count is given by Dahl (1946). 
of very | Many of the alpine plants of Scandinavia are 
De, some] widespread, occurring wherever the mountains 
coast. The} are high enough, e.g. Salix herbacea. It is not 
angaty and} possible to infer very much from the distribu- 
r southen} tio of this group; many of them doubtless 
till smaller} survived the last glaciation in the immediate 
neighborhood of the ice, for they are plants 
a, confinel] that live in Greenland today, but their distri- 
‘ts, is given} bution is so general that no particular refuge 
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ood case if or group of refuges can be pointed to as any 
whose dis} more probable than another. These plants must 
by Zeuney be left out of the discussion. There is, however, 
| relatively§ another group, the so-called “rare” alpine 
phases was plants, which are much more localized, and 
ige of con} some of them show rather remarkable disjunc- 
only stratif tions. Generally, as was shown in convincing 
r the truly fashion by Nordhagen among others, these 
erval offerg species center around districts, especially on 
that requity the southwestern and northwestern coasts of 
ditions thy Norway, which were not covered by ice during 
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i the last glacial age, and are absent from the 
central region. These glacial refuges must have 
been of the character of nunataks, for ice-free 
areas are not likely to have persisted at sea 
level along the present coast, but nunatak sur- 
as we hav vival is a definite possibility for some of the 
ely to hav plants. 

or specie Certain species and species groups apparently 
gion today} have undergone some taxonomic differentiation 
the Danubq owing to their isolation in several distinct ref- 

persistent uges. Papaver (a poppy) and Arenaria (sand- 
wort) are in this category. On the other hand, 
certain plants seem to have shown great taxo- 
nomic conservatism: the Poa laxa group, for 
example, contains forms that are almost indis- 
tinguishable in Scandinavia, Scotland, and Ice- 
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land, and that are distinguishable with diffi- 
culty from Poa laxa in the Alps, P. Nyradiana 
in Transylvania, and P. Fernaldiana in North 
America. The distribution, both wide and spec- 
tacularly disjunct, evidently antedates the last 
glaciation. If so, it is remarkable that there has 
been so little divergence among the Icelandic, 
Scandinavian, and Scottish populations. How- 
ever, the possibility that all the latter may have 
survived together in northern Europe and 
reached their present stations postglacially does 
not seem to have been adequately excluded. 

It is possible, of course, to question the whole 
set of assumptions underlying the conclusions 
of the Scandinavian botanists. Disjunctions of 
a few miles or even several hundred miles in 
the ranges of alpine species do not require gla- 
cial survival for their explanation. Some cases 
may be accidents of the sort involved in the 
colonization of oceanic islands. Others may be 
relicts of a wider range in late-glacial time, dis- 
sected subsequently: first by warming at the 
time of the climatic optimum, and later by the 
swing to oceanic conditions that seems to have 
been the latest major climatic change in north- 
ern Europe (the “Sub-Atlantic’” of the Blytt- 
Sernander scheme). The apparent association 
of the rare alpine plants with less completely 
glaciated districts may be fortuitous. The fact 
remains that, if there were glacial refuges along 
the coast of Norway, the plants in question are 
such that an appreciable fraction could have 
survived glaciation there. 

Similar considerations doubtless apply to the 
beetles which, according to Lindroth, must also 
have been “Wiirmiiberwinterer” in Scandina- 
via. These are, first (Lindroth, 1935), the 15 
species of boreo-British distribution, lacking in 
northern Europe south of the Baltic, and second 
(Lindroth, 1939), some 92 species or about 29 
per cent of the Scandinavian Carabidae. Of the 
latter, most or all are found near or in the sup- 
posed glacial refuges and are absent from cen- 
tral Scandinavia. The case is admittedly strong 
for glacial survival of the alpine species, just 
as it is for the plants. But it is not clear in many 
cases why postglacial immigration is excluded, 
for some are winged forms, and, when we learn 
that the list includes some forest forms and at 
least two carabids of strictly sea-coast distribu- 
tion that could easily be transported across salt 
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water, the evidence seems decidedly weak. We 
are left, then, with a strong inherent possibility 
of glacial-age survival on the part of a fairly 
large component of the Scandinavian flora and 
fauna, and no convincing proof of it. 


The British Isles 


The problem.—One of the most popular topics 
in all biogeography is the question whether the 
whole of the fauna and flora of the British Isles 
immigrated in postglacial times, or whether 
some fraction survived from an earlier time. 
The attractiveness of this problem arises in 
part from its manageability. For a given tax- 
onomic group the British list is always small in 
comparison to that of the mainland, British 
distributions are often exceedingly well known 
owing to the inexhaustible supply of amateur 
and professional naturalists, and the most ele- 
mentary comparison between British and 
French lists produces at once some fascinating 
problems. As a result, the literature is enormous 
and it is difficult to achieve a balanced presenta- 
tion. The problem is complicated by the ques- 
tion of the relations of land and sea during the 
Pleistocene, for these are by no means clear. 

Though much could be written about bio- 
geographic connections between Britain and 
the Continent throughout the Pleistocene, some 
of the most important fossiliferous beds are of 
such controversial stratigraphic position that 
it is not profitable in this review to go back to 
early and middle Pleistocene times. Heim de 
Balsac (1930) may be consulted for an absorb- 
ing brief account of the Pleistocene history of 
British land mammals, particularly the small 
ones that are often more instructive because 
they are much commoner as fossils. It seems 
best to begin with the last glaciation, and here 
Movius (1942) has proved an invaluable guide. 
The essential facts, some of which are unfor- 
tunately subject to change without notice, are 
as follows: 

Stratigraphy.—1. The Upper Chalky Boulder 
Clay and its equivalents, regarded as of Warthe 
(Wiirm I) age, date from the first part of the 
last glaciation, which covered Ireland and left 
only a small part of southern England ungla- 
ciated. At the climax of this glaciation the 
British Isles were firmly attached to the Con- 
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tinent, and Ireland was joined to England, by 
it is doubtful that any animals less hardy th 
polar bears were able to cross into Ireland, 

2. The succeeding subage, the. “‘Aurigy 
cian” oscillation, was a warm one, almost 
well marked as the “E” interglacial, as sho 
by data summarized in Table 1. (Unfortunate), 
the possibility remains that some of the depogis 
placed here by Movius and others really belo 
to the “E” interglacial (Gams, 1938)). During 
part of this interval the March-Nar subme 
gence took place, and England may have beg 
cut off from direct connection with the Co. 
tinent just when land connection would hay 
been most effective for migration of the bio, 

3. The New Drift (Hunstanton-Hessle) gy. 
ciation, which followed, is regarded as of Bran 
denburg (Weichsel, Wiirm II?) age and wa 
severe, though not so extensive as the preced- 
ing. It is a matter for debate whether condition 
in England and Ireland beyond the limits ¢ 
this glaciation were so rigorous as to extinguish 
the characteristic biota. In other words, th 
question is not one of “preglacial’”’ distribution, 
but of survival from the Warthe-Brand 
interval. It is conceded that at some 
maximum the land mass of Ireland was 
extensive than today; the difference in sea | 
is put at 50 fathoms (91 meters) by C 
worth (1930), a figure that permits fairly 
siderable addition to the dry land of sou 
Ireland. Survival of some nonarctic plants 
animals on this emerged continental shelf i 
regarded by Charlesworth as “just possible”, 

4. Subsequent to the New Drift glaciatiof Irela 
there is evidence of two halts or readvances dj to it 
the ice margins in Great Britain and Ireland} disha 
the “Scottish Readvance” and the “Valley princ 
Glaciation”. These are probably to be come form: 
lated with the Pomeranian and Fennoscandiaaj tinen 
end moraines, respectively. The intervening] tinct 
times (First Retreat—Daniglacial and Seconif are t 
Retreat—Gotiglacial) were periods of sever) gtapl 
though ameliorating climate, to judge from] M« 
fossiliferous deposits assigned to them. These are h 
deposits are not found, however, in extreme] analy 
southwestern England and Ireland, and it is] accor 
not known whether conditions in those ares 
precluded the survival of warmth-loving sp haps 
cies. 
5. A “land bridge” between England and the} three 
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Continent, certainly present during glacial ages, 
equally certainly persisted until the Boreal 
phase (Godwin’s pollen zones IV and V), for 
peat and forest remains of this age (the “‘moor- 
log”) have been found in situ on the Dogger 
Bank in depths as great as 27 fathoms (50 
meters). Evidently (for a detailed summary of 
evidence see Godwin, 1943) the major rise of 
sea level came rather suddenly, in pre-Boreal 
and Boreal times, and was eustatic. Subse- 
quently the British Isles have shared in the 
crustal upwarping of northern Europe, and 
in some districts this upward movement of the 
land is still going on. It is not so clear whether 
there was a contemporary land bridge from 
England to Ireland. Evidence on this crucial 
point is difficult to obtain, owing to post-sub- 
mergence modification of the Irish Sea bottom 
(Charlesworth, 1930). If the present sea level 
were lowered by 40 meters, in an attempt to 
restore the pre-Boreal level, Ireland would still 
be an island, though its shores would approach 
those of Great Britain much more closely than 
they do now. A greater lowering of sea level, of 
the order of 100 meters (Farrington, 1945, 
argues for 120 meters as a minimum figure), 
would provide the desired bridge, but so low a 
level is not likely to have existed since the last 
glacial maximum, when few animals and plants 
could have used the bridge. It has sometimes 
been argued that cold-steppe forms such as the 
mammoth could have crossed to Ireland over 
is 2 bridge of sea ice. 

The beetles —The biota of Great Britain and 
glaciation Ireland, though somewhat impoverished owing 
divances dj to its peripheral situation, is definitely not 
d Ireland,j disharmonic; there are many gaps, but all the 
e “Valleyj principal ecologic niches are filled, usually by 
be come forms identical with those found on the Con- 
.oscandianj tinent, sometimes by closely related but dis- 
stervening} tinct species. In other words the British Isles 
nd Secondf are typical “continental” islands in the biogeo- 
of sever} graphic as well as in the geologic sense. 

idge from} Most of the problems of British biogeography 
em. These} ate lucidly set forth in Sainte-Claire Deville’s 
n extreme analysis (1930) of the Coleoptera, which serves 
and it is} accordingly for an introduction to the subject. 
hose areas} Sainte-Claire Deville begins with a theory, per- 
sving spej baps “un peu simpliste”, attributed to W. E. 
Sharp. According to this survey, there are 
id and te| three groups of British beetles: 
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1. The “arctic”, “glacial”, or “celtic” ele- 
ment, found in the Scottish Highlands, Ireland, 
and in England as far south as the Pennines or 
even Dartmoor. 

2. Widely distributed forms, more abundant 
in England than in Scotland or Ireland. 

3. A not very homogeneous group, contain- 
ing species isolated and local in southern Eng- 
land, some members of which are found in 
southwestern Ireland, but not in Scotland. Its 
western members (otherwise distributed along 
the Atlantic coast south to the Iberian penin- 
sula, and sometimes showing an Iberian-Irish 
disjunct distribution) are called “Iberian” or 
Lusitanian’’, its eastern members ‘‘Teutonic”’. 

Invasion of groups is postulated in the order 
named, with the break in continuous connec- 
tion between Scotland and Ireland having oc- 
curred between the arrival of Groups 1 and 2. 

The author then proceeds to his own analysis. 
We have the following groups: 

A. A group of continental, heath- or open- 
country forms, extending out of the central 
Asiatic land mass, a few, such as Nebria livida 
(Fig. 11A) reaching England, but rare or local 
there. None are found in Ireland. About 3 or 4 
per cent of the British Coleoptera belong to this 
group, whose presence seems to indicate that 
the formation of the English Channel post- 
dates a phase of open country and antedates a 
phase of continuous forests. 

B. The “boreo-British” group (Fig. 11B). 
These are not only extremely localized in Brit- 
ain, as if relicts, but some seem to have diverged 
somewhat in physiological requirements, tol- 
erating more warmth than do the related popu- 
lations in Scandinavia. (The latter situation is 
very familiar in the case of the Irish hare, Lepus 
hibernicus, most closely related to the Alpine 
form, but ranging to sea level in Ireland. It is 
generally considered that absence of competi- 
tion with the common hare, L. europaeus, has 
permitted this diversification. Steinbick, 1942, 
points out that several of the famous arctic- 
alpine fresh-water animals, such as the crus- 
tacean Branchinecta paludosa and the turbel- 
larians Otomesostoma auditivum and Planaria 
alpina, though behaving as cold-water steno- 
therms in the Alps, are by no means so in the 
Arctic.) Some antiquity is implied for the 
boreo-British Coleoptera both by their isolation 
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alpine; D, EZ, Lusitanian; F, non-British. 


and by their divergence, though we may dis- 
count Sainte-Claire Deville’s suggestion that 
they lived on a hypothetical North Atlantic 
continent before its dismemberment. 

C. The familiar boreo-alpine species. This 
is a more numerous group than the last, con- 
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FicurE 11.—DisTrisuTions OF SEVERAL BRITISH AND Non-BRITISH BEETLES 
Redrawn from Sainte-Claire Deville (1930). A, an open country species; B, boreo-British; C, bore 


taining about 75 species, 34 in Ireland. Figur 


11C gives a famous example. 

D. A very numerous group of species who 
distribution outside Britain includes the Med 
terranean islands or North Africa or both. 
can be subdivided into those fairly eurytherm 
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species that also occur as far north as Denmark, 
and those unknown north of Latitude 50°N. 
except in the British Isles. 

E. An almost equally numerous group of 
common European species, which do not extend 
beyond the north shore of the Mediterranean. 
They can be subdivided as is Group D, and 
then we find that the second subdivision con- 
tains the celebrated Lusitanian element, some 
members of which are fairly evenly distributed 
(Fig. 11D), while others show more or less dis- 
junction (Fig. 11E). 

These are the main distribution patterns 
found among the British Coleoptera, and, with 
the addition of the “American” element, to be 
discussed below, other taxonomic groups pre- 
sent almost identical categories. This is not the 
whole story, however, for there is another group 
of beetles that are not British but look as 
though they ought to be. It is always dangerous 
to argue from lacunae, but about 200 species, 
iz., some 6 per cent of the British list and 5 
per cent of the French list, reach the Channel 
on a broad front but are lacking in Britain 
(Fig. 11F). A remarkable example from another 
group is the bat Myotis myosotis (Barrett- 
Hamilton, im Barrett-Hamilton and Hinton, 
1910-1921, Part IV, p. 191), which is one of 
the commonest European bats today, as it 
apparently was during the last interglacial age, 
and moreover is migratory. About half this 
number form a homogeneous group of forest 
species, which seem to have accompanied beech 
forests in their postglacial spread, but unlike 
the beech were unable to cross a water barrier; 
most of them are absent from all the European 
insular faunas with a few exceptions in insular 
Denmark. 

Certainly the majority of these facts are fully 
in accord with a hypothesis of postglacial dis- 
persal from Europe to the British Isles. Some 
of them fit in extremely well with what is known 
of the postglacial stratigraphy. The boreo- 
British and boreo-alpine species evidently fol- 
lowed rather closely on the retreat of the ice in 
the classic Darwinian manner, and while it is 
quite possible, as Lindroth (1935) maintains, 
that the former pattern is of Wiirm date while 
the latter reflects both Riss and Wiirm glacia- 
tions, proof is lacking, and both groups.may be 
of the same age. Boreo-British species may be 
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those not pushed far enough south during the 
last glaciation to be drawn into the zone of re- 
treat of the Alpine ice sheet. It should not be 
forgotten that the mountains of Britain and 
Scandinavia are much more oceanic than those 
of central Europe, and that not all boreo- 
British species could be expected to be boreo- 
alpine. Group A above implies a spread of 
open-country forms across a dry English Chan- 
nel to England but not to Ireland in pre-Boreal 
time. In Boreal and later times those warmth- 
loving forms that could use the land bridge or 
were able to jump across the Channel did so 
(Groups D and E), while others did not; and 
the latest wave of migration, accompanying the 
spread of beech forests, largely failed to cross 
the Channel which had by then come into ex- 
istence. 

Land bridges.—A noteworthy case bearing on 
the existence of the land bridge in Boreal time 
and its severance later is presented by Ullyott 
(1936). The presence of the turbellarian Poly- 
celis cornuta in England, and the absence of 
Planaria gonocephala, imply rather definitely 
that the separation of England took place after 
the stream temperatures reached 12° C., but 
before they reached 16° C. This deduction, 
based on the temperature range tolerated by P. 
cornuta and on the extreme improbability that 
fresh-water flatworms would cross salt water, 
might be extended: one might say that the 
absence of P. cornuta from Ireland shows that 
the separation of that island took place before 
the stream temperatures rose to 12° C. Unfor- 
tunately for this argument, P. cornuta is also 
absent from Scandinavia, which was surely 
connected with Denmark during the Boreal 
phase (Jessen, 1935). Thus turbellarians do 
not always migrate where they are supposed to, 
and negative evidence must be used with ex- 
treme caution. 

Another very interesting situation is not 
adequately discussed in the literature, but has 
been called to the writer’s attention by G. E. 
Hutchinson. It has to do with the British land 
mammal fauna, summarized in Table 5. We 
may take first the Isle of Man, situated in the 
Irish Sea and broadly joined to England by a 
shelf less than 40 meters in depth, but sepa- 
rated from Ireland by deep water. Its mam- 
malian fauna is nevertheless distinctively Irish: 
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the list, given in an inacessible note by P. M. 
C. Kermode (1917), includes Pipistrellus pipis- 
irelus, Plecotus auritus, Erinaceus europaeus, 
Sorex minutus, Orytolagus cuniculus, Lepus 
europaeus (both the latter introduced), Apo- 
demus sylvaticus sylvaticus, the introduced rats 
and mice, and Mustela hibernicus. Thus no land 
mammal lacking from Ireland occurs on Man 
except the introduced common hare; the typical 
species that are restricted to England and Scot- 
land (such as the mole, Talpa europaea, the 
common shrew, Sorex araneus, and all the 
Microtinae) are also absent from Man; while 
the occurrence of the very distinct Irish species 
(or subspecies) of stoat, Mustela hibernicus, 
adds positive support to the abundant negative 
evidence for Irish affinity. These facts certainly 
suggest that Man received its mammals when 
England and Ireland had the same fauna, and 
that the land connection between England and 
Man was broken before the separation of Eng- 


'} land from the Continent. A land bridge between 


and Ireland in postglacial time is improb- 

, and is not required by the data; but there 
is some geologic reason to accept the idea of 
eatlier separation of Man from England. At 
present the depth of water between Man and 
England is about the same as in the English 
Channel, about 40 meters, and this is the 
approximate amount of the post-Boreal sub- 
mergence that drowned the “moorlog” in the 
North Sea. But it is entirely possible that the 
land has risen farther above the (also rising) 
sea in the region of Man than it has in the 
neighborhood of the Channel. Man lies inside 
the zero isobase for a postglacial emerged shore 
line, the so-called “‘25-foot beach”, which has 
been referred to as the “Littorina shoreline” 


§ (Movius, 1942), though Godwin (1943) is more 


cautious. Possibly, of course, the Irish stoat has 
done some island-hopping, in which case the 
whole interesting story breaks down. 

It is also fairly clear from Table 5 that 
Guernsey has preserved relicts of a pre-English 
mammal fauna. One of these is a Microtus of 
the ervalis group, represented in Britain only 
by the various orcadensis forms from the Ork- 
neys, though known as a fossil (M. corneri) 
from the Ightham Fissure (? Middle Pleisto- 
cene); the other is the continental shrew, Cro- 
cidura russula. The presence of these animals, 
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and the absence of Sorex araneus, Talpa euro- 
paea, the hares, the dormouse, and A podemus 
flavicollis imply that Guernsey was separated 
from France before England was. This is just 
possible, though the present depth of water is 
about the same. Yet it is difficult to know how 
seriously to take this evidence, since Jersey, 
whose separation must have been very recent, 
has a bank vole, Clethrionomys caesarius, a 
supposed descendent of the Ightham C. ken- 
nardi and one of the insular representatives of 
C. “nageri’”’; the others are found on Skomer off 
the Welsh coast and Raasay in the Hebrides. 
Jersey also has an endemic subspecies of Sorex 
araneus, and the native stoat, though little 
known, is probably to be distinguished sub- 
specifically from that of the mainland. 

The presence of a Crocidura in the Scilly 
Islands (Hinton, 1924) is most remarkable. 
This is the only British Crocidura, living or 
fossil. A depression of sea level: by approxi- 
mately 80 meters would be necessary to join 
the Scilly Islands to the mainland, so that if 
this shrew was a postglacial immigrant it must 
have been a very early one, i.e., pre-Boreal. 
Of all the British mammals, this shrew is least 
likely to have crossed to an island over water, 
so it is probably safe to argue from its presence 
that some southern species reached Britain very 
early and have been isolated subsequently by 
climatic changes postdating the climatic opti- 
mum. 

The most uncomfortable problem is pre- 
sented by the Outer Hebrides, which have an 
endemic subspecies of the Microtus agrestis 
group. It would seem that representatives of 
Microtus arvalis were the first voles to reach 
England, and that they spread all over Great 
Britain as far as the Orkneys, but not to the 
Shetlands or to Ireland. The absence, or rather 
the peripheral distribution (orcadensis), of the 
arvalis group in Great Britain must then be the 
result of competition with the later wave of 
agrestis forms; it should be noted that no small 
island has more than one species of vole. But — 
the distribution also implies that the Outer 
Hebrides were joined to Great Britain until 
after the separation of Ireland, and this seems 
impossible, in view of the very deep water now 
separating the Outer from the Inner Hebrides, 

In summary, the strictly zoogeographic inter- 
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pretation of the colonization of Britain by mam- 
mals, as communicated by Professor Hutchin- 
son, is as follows: . 

1. Free passage to Ireland, Man, the Shet- 
lands, and the Orkneys, of Sorex minutus and 
Apodemus sylvaticus; Mustela hibernica or its 
precursor reached Ireland and Man, but did 
not go as far north as the Shetlands. Erinaceus, 
Lepus timidus subsp., and some larger animals 
reached Ireland; but no voles were in this wave. 
Crocidura cassiteridum or its ancestor was living 
on emerged land in the English Channel, but 
not far enough north to reach any other region 
now dry except the Scilly Islands. 

2. Passage to Ireland, Man, and Shetlands 
interrupted. Entry of voles of the M. arvalis 
group. Mustela erminea of ordinary type 
reached at least as far north as Guernsey. 

3. Entry at least of Microtus agrestis and 
Clethrionomys glareolus after separation of Ork- 
neys and Guernsey but before separation of 
coastal islands of Great Britain, including the 
Outer Hebrides, and of Sorex araneus after 
separation of the latter. 

4. Entry of noninsular modern inhabitants 
of Great Britain: mainly southern species, such 
as Muscardinus, Micromys, Lepus europaeus, 
but some quite widespread, as Mustela nivalis. 

This is the “naive” or nongeologic interpre- 
tation, as Professor Hutchinson has emphasized, 
but except for the problem of the Outer Heb- 
rides it agrees reasonably well with the strati- 
graphic evidence, and suggests areas (Jersey, 
Guernsey, Man, etc.) where sea-level changes 
should be investigated by other means. 

Glacial survival and the Lusitanian problem.— 
So far we have discussed postglacial immigra- 
tion only, and certainly the great majority of 
British plants and animals have entered the 
islands since deglaciation. A few facts, how- 
ever, although perhaps magnified in the minds 
of biogeographers through constant reiteration, 
seem to point to the survival of some appre- 
ciable fraction of the British biota through at 
least one glacial age. We may, of course, dis- 
miss the possibility that any species survived 
all the glacial ages in Britain, but the term 
“preglacial” is often used there to signify 
“antedating the earliest glaciation of which we 
have first-hand knowledge”. Hence if for “pre- 
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glacial”, in the works of Praeger (1932; 1939/8 d the 
for example, we read “last interglacial” @ nat th 
better, “Warthe-Brandenburg interval”, thi ct 
possibility becomes worthy of serious discus ; 

sion. ore 

One group of these facts can be disposed df + tio 
rather easily. A small group of American spp a's 
cies, most of which are confined to Ireland ee 
include the ladies’ tresses, Spiranthes gemmi- he onl 
para and S. stricta*, the blue-eyed grass Sisph. 4 ot 
rhynchium angustifolium, the water plants Ey}. ad es 
ocaulon septangulare and Naias flexilis, and thel. wen 
fresh-water sponge Heteromeyenia ryderi. These  ailien 
are authentic American species, and only one)... 
is found east of Britain; but this one, Naig a 
flexilis, though its scattered distribution in the 
Baltic states shows it to be a relict, is known The I 
stratigraphic evidence to have been common 5 mack 
in Europe in Boreal time (Sandegren, 1931/ of plant 
1932). Evidently this plant holds the key tof 
distribution of the others, and all are probah 
relicts of a former circumpolar distributior 
The Heteromeyenia is particularly inte 
for the Irish records include an American st 
species as well as the typical form, while 
only other record outside North America come 
from the Faeroes (Arndt, 1926; 1928). Ther 
is another member of the genus, however, i 
Japan, a fact that considerably reduces t 
mystery. Some European writers ignore the 
fact that a small and equally interesting grow 
of species indicates connections in the opposi ; 
direction: Carex Hostiana, for example (Marsh, .? 
Victorin, 1938), and, curiously enough, f 
characteristically German fresh-water spon 
Trochospongilla horrida is known from 
localities in Illinois. 

The remarkable thing about such distrib 
tions is not their disjunction, for many ter 
trial species are found on both sides of t 
Atlantic Ocean, and not all of them are cirew 
polar; it is their asymmetry, i.e., their uneq 
ranges on the two continents, that attrad 
attention. But asymmetry of range means 
by itself. The cases of Tsuga canadensis 
Dulichium spathaceum, now extinct in Euro 
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* Spiranthes Romansofiana, cited in this Om i 


nection by Marie-Victorin (1938) among of 
does not occur in Ireland but was formerly 6 
fused with the two species that do (Praeger, 19 











19398 4d the converse case of the horses?, warn us 
U” or hat the histories of Pleistocene restriction or 
’; inction in Europe and North America, 
discus ,ough similar, have not been identical. The 
noint is important, because asymmetric dis- 
sed dE butions have often been thought to result 
2 SPEeom a land bridge across the Atlantic. Pro- 
nonents of such a bridge should explain why 
femme Ene only animal to cross from America to Ire- 
3 Sisy. and, out of all that might have done so, is a 
ts Eri-t esh-water sponge, which has gemmules resist- 
nd theh.nt to drought and freezing. The American 
species in Ireland, then, are to be regarded as 
ly one} clicts of a former more extensive, perhaps cir- 
Nias} umboreal, distribution, and prove nothing 
in the} bout Pleistocene survival in situ. 
WD} The Lusitanian element in the biota presents 
mmen i}, much more baffling problem. There is a group 
1931/fof plants, such as Arbuius Unedo, Saxifraga 
‘tothe mbrosa, Erica mediterranea, and Pinguicula 
Obani Eorandifiora, and of animals, such as the Kerry 
slug, Geomalacus maculosus, and a woodlouse, 
Trichoniscus vividus*, which live in Ireland, 
most of them in the southwest corner, some of 
hem also in southern England, and are then 
bsent from some or all of the French coast, 
in Spain, Portugal, or even the 
Mediterranean coast. How did they get into 
Ireland? Though we may accept Praeger’s con- 
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‘It is instructive to invent a hypothetical but 
plausible distribution for the horses, and to try to 
magine what conclusions would be reached from 
tt if paleontologic knowledge were confined to the 
vestern European Pleistocene. The horse is now 
@aknown, say, from eastern Europe to Mongolia, and 
a Pleistocene fossil from western Europe; rather 
distinct relatives are in Africa, while a typical 
guus still lives in southeastern United States (we 
now that horses lived in Florida during the Pleisto- 
cene, and lasted until postglacial time in the South- 
vest, so this is quite reasonable). Biogeographers 
might then say that the horses obviously arose in 
central Asia, still the center of distribution of the 
uigeroup, and reached eastern North America by way 
bf a land bridge across the Atlantic. When asked 
yhy the migration could not have gone the other 
atti vay, a answer that there is no evidence 
ittnat the horse now goes far enough north in Siberia 
o have used the Bering bridge, and in any case 
here ought to be some relicts in the western United 
ggstates showing this route of dispersal. 
_ ‘The woodlouse Platyarthrus hofmanseggi, which 
ves in ant nests, has been cited as a Lusitanian 
orm (Charlesworth, 1930), though it does not 
ppear in Praeger’s list (1932). This species has 
ecently been discovered in Connecticut (Brooks, 
1942) and is evidently a peregrine form, like the 
common earthworm Lumbricus terrestris. 
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tention that the seeds of the plants could not 
survive a journey through salt water, it is not 
unlikely that some of them have been distrib- 
uted by migrating birds. Species such as the 
bug Aepophilus bonnairei (China, 1930), which 
live on beaches and could easily be rafted across 
a water barrier, should be excluded from this 
discussion. Yet there are some critical species, 
notably the Kerry slug, that seem absolutely 
to require a land bridge. 

It is important to realize that the puzzle pre- 
sented by these species rests wholly on their 
occurrence in Ireland. A Lusitanian pattern 
such as that of Figure 11E is obviously a special 
case of the pattern shown in Figure 11D and 
is most simply interpreted as a case of disjunc- 
tion by restriction since the postglacial climatic 
optimum. Though such species have evidently 
followed a continuous coast line that is no longer 
continuous, the Boreal coast line will serve the 
purpose so far as England is concerned. A con- 
tinuous Boreal coast line extending as far as 
Ireland, however, seems to be excluded by the 
geologic data, for all the evidence indicates that 
Ireland was isolated from England by the post- 
glacial rise of sea level. In Boreal time England 
and Ireland, though considerably closer than 
they are today, must have been separated by 
the broad estuary of the “Irish Channel river” 
and by deep water in the Sound of Jura. More- 
over, even though one argues that the floor of 
the Irish Sea has been modified by post-Boreal 
submarine erosion to such an extent that it is 
no longer possible to reconstruct its Boreal 
topography, early isolation of Ireland from 
England is clearly indicated by the mammal 
fauna, and the biogeographer is confronted with 
a dilemma of the most uncomfortable sort. If 
the species in question (a) are warmth-loving 
types that could not have entered Ireland in 
late-glacial time, (b) are found in Ireland, and 
(c) required a land bridge to get there, the con- 
clusion seems inescapable that they must have 
survived glaciation somewhere in Ireland. But 
how can warmth-loving forms, particularly 
those which, to judge from their occurrence in 
southwestern Ireland, require warm winters, 
have lived through a glacial age within a few 
miles of an ice sheet? 

The excruciating quality of this riddle should 
not be minimized, and only further research, 
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directed particularly to the geology of the Irish 
land bridge, can provide the answer. It may 
be in order, however, to point to a possible bio- 
geographic weakness in the argument. If the 
geologists can prove that there was no con- 
tinuous land connection to Ireland in Boreal 
time, as they probably can, then it must be 
remembered that points (a) and (c) above are 
based on biologic evidence alone, and they too 
must be subjected to searching inquiry. And 
it may well be found that point (c) is an illusion. 
The recent history of biogeographic science 
warns us that some of the most universally 
accepted land bridges have foundered almost 
overnight, and this Irish one may not be so 
strong as it looks. We really know little about 
the biology of the Kerry slug, and, if it can be 
shown that it and a few of its fellows succeeded 
in crossing the Boreal Irish Channel, while such 
forms as the mole, the shrew, and the voles did 
not, the whole case for survival in Ireland 
during the New Drift glaciation will fall apart. 

The Lepidoptera.—The butterflies of Great 
Britain have recently been treated elegantly 
and comprehensively in a nontechnical book 
by Ford (1945). Butterflies, of course, are not 
particularly favorable for zoogeographic stud- 
ies, since they all can fly, and some of them 
(which however are excluded from Ford’s dis- 
cussion) are migratory. They have the com- 
pensating advantage of being extremely well 
known, systematically and geographically, and 
the British list is eminently manageable (68 
species). The discussion of the British problem 
can therefore profitably be concluded with an 
account of Ford’s conclusions, taken together 
with those of Beirne (1943). 

Ford divides the nonmigratory butterflies of 
Britain into four groups, plus a group of two 
unanalyzable species: 

Group I. Of the three alpine or northern 
species, which evidently reached the British 
Isles during glacial retreat, two, Erebia epiphron 
and Coenonympha tullia, are believed to have 
arrived after an earlier glacial age than the 
third, Erebia aethiops. The third is considered 
to have immigrated after the last glaciation 
and is placed in Group III. The evidence for 
the distinction is that the first two have crossed 
to Ireland, one also having reached the Shet- 
lands, and that both are subspecifically distinct 
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from Continental forms. As a land conneg 
with Ireland probably did not exist after 
climax of the last glaciation, the first two 
have arrived earlier than the third, whid 
not found in Ireland and is not subspecifig 
distinct. If we could be sure (a) that the spes 
of Group I absolutely require a land bri 
and could not do even a little island-hoppj 
and (b) that there has been no land connect; 
with Ireland serviceable for butterflies gj 
an earlier glacial age than the last, this hypot 
esis would be more convincing than it is, § 
cies that are surely postglacial immigrants ; 
England and whose populations are augment. 
occasionally from across the Channel are 
course not likely to show subspecific distineti 
but isolation in Ireland is sufficient to pen 
taxonomic differentiation without any gr 
antiquity being implied. 

Group II. Here are placed the butterfli 
supposed to have arrived during the last inte 
glacial age (though it would presumably } 
proper to consider them as immigrants dur 
the Warthe-Brandenburg interval). The 
dence for antiquity is of different sorts. Q 
division is found in Ireland, and those that 
isolated in the south of Ireland are supposed 
have been pushed there by the last (read “Ne 
Drift’’?) glaciation, while others have spre 
over the rest of Ireland once more. Anot 
division is not found in Ireland, but is repr 
sented by different subspecies in England 
Scotland; the brown argus, Aricia agestis, sh 
a zone of hybridization where two subsped 
have come into contact along the Scotti 
Border, so that it would appear that the So 
tish subspecies survived glaciation some 
in Scotland. Still others, having distinct 
species either in Ireland (the Irish Pieris 
being exceptionally well differentiated) or 
small localities in England (such as the | 
copper, Lycaena dispar, and the swallo 
Papilio machaon, in the Fenlands), seem ff 
their isolation to be relicts of a wave of mig 
tion antedating postglacial time. Others, 
as the green hairstreak, Callophrys rubi, 
the small blue, Cupido minimus, cannot bee 
ceived of as migrants across a water bart 
yet they have reached Ireland. This evidene 
not all of equal weight, and the greatest imp 
tance is attached to taxonomic differentiati 
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a treacherous criterion in an insular fauna. It 
js also remarkable that two of the handsomest 
and most distinct British subspecies (one of 
which, the large copper, is extinct, but has been 
artificially replaced by the Frisian Islands form) 
occur in the Fenlands, an environment that 
was certainly very different from today as 
recently as Roman time (Godwin and Clifford, 
1938; Godwin, 1940). Elsewhere in Ford’s book 
one learns of some startling expansions and 
contractions of range within the period of sci- 
entific collecting of British butterflies, so it 
would appear that isolation in a small and 
unusual locality is not reliable as a testament 
of age. 

io i III contains the Scotch argus, Erebia 
mit aethiops, already discussed under Group I. 
Group IV contains the species certainly to 
be regarded as postglacial immigrants, some 
4 of which have spread to Scotland, but the 
majority of which are confined to southern 
England. No British butterfly falls in the Lusi- 
tanian pattern, while the occurrence of one 
American species, the monarch, Danaus plexip- 
pus, is amusing, for this wide-ranging, exten- 
sively migratory insect is undoubtedly intro- 
duced into Britain from across the Atlantic 
with appreciable frequency. 

These remarks should have conveyed the 
writer’s belief that this analysis of Ford’s, 
though exceptionally well thought out, falls 
short of the proof required before Pleistocene 
survival in the British Isles can be accepted. 
There are, as he admits (p. 321) “extensive 
sources of error”, of which the principal one is 
the temptation to rely unduly on taxonomic 
% differentiation. It follows that the comparison 
between the “Pleistocene arrivals’ and the 
“Holocene species” (Ford, 1945, p. 321) in 
which it is shown that 45.5 per cent of the for- 
mer but only 10.5 per cent of the latter have 
formed subspecies, and that the difference is 
statistically significant, comes within about 90° 
of being a circular argument. 

Beirne’s analysis (1943), though more syn- 
thetic than Ford’s, is equally interesting. It is 
based on the whole lepidopteran fauna, 792 


@ native British species. They can be divided into 


two groups both in Great Britain and Ireland: 
Groups A and C are confined to certain limited 
areas or have discontinuous ranges, and many 
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of them have formed local races or subspecies; 
Groups B and D contain wide-ranging species, 
and few of them show any taxonomic differen- 
tiation. The two faunas are therefore thought 
to be of different age in Britain, and it is con- 
cluded that the first was introduced during 
disappearance of the last ice sheet and that the 
second is postglacial. It is then argued (and 
here the validity of the last conclusion is 
assumed without further question) that one 
can infer (a) from the regions where the A and 
C species are now mainly found, and (b) from 
the food plants of these species, what climatic 
conditions are likely to have prevailed at the 
time of the “late-glacial” introduction; these 
climatic conditions are inferred to have been 
somewhat more severe than today, especially 
in the mountains. Proceeding from the premise 
of the first conclusion, that the two waves of 
migration were separated by a considerable 
period of time, during which a climatic deteri- 
oration took place, Beirne considers the Allergd 
oscillation (Zone II of Jessen and Farrington) 
as the most likely time of introduction of the 
first wave, while the dissection of ranges took 
place in the following Zone III (Upper Dryas). 
No British Lepidoptera show a Lusitanian 
pattern, but six endemic moths in Ireland are 
local representatives of Iberian species; as all 
fall in the “late-glacial” group, the true Lusi- 
tanian forms must have been introduced earlier; 
“it is therefore not improbable that they date 
from the last interglacial” (p. 49). This last is 
a curious inversion of the usual line of reasoning, 
which would state that the true Lusitanian 
forms, not being taxonomically distinct in Brit- 
ain, must have arrived later than the species 
that have given rise to endemics. 

The crux of the whole argument, of course, 
is the assumption that, because two groups 
can be distinguished on the basis of taxonomic 
differentiation and geographic isolation, two 
waves of immigration are represented. The 
writer believes this is not necessarily the case. 
All species cannot be distributed equally widely, 
even when all are introduced at the same time. 
The isolated, local distributions, with numerous 
disjunctions of range, on which Beirne relies 
for his assignment of species to Groups A and 
C, though they imply a change of climate in 
many cases, do not always imply glaciation, or 
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even cooling. It seems most improbable that 
so large and heterogeneous an assemblage of 
species could date from the Allergd oscillation, 
for some of these Lepidoptera are associated 
as larvae with forest trees (oak, alder, birch, 
and even elm), and there is abundant evidence 
that true forests were absent from the British 
Isles until later (Zones IV and V). Many of 
Beirne’s cases, then, are probably relicts of the 
postglacial climatic optimum, now restricted to 
especially favorable districts. Again, as Ernst 
Mayr has pointed out (oral communication) 
not all disjunctions of range are due to restric- 
tion; some are due to expansion, and it is easy 
to underestimate the ability of a species to 
disperse over unsuitable territory. 

In summary, the fauna and flora of the Brit- 
ish Isles have certainly (in the majority of 
cases) or probably (in most of the rest) 
immigrated since the retreat of the latest ice 
sheets. Because England was firmly joined to 
Europe until after the Boreal phase, when for- 
ests covered northern Europe, Great Britain is 
a truly continental island in respect to its biota, 
though there are many interesting lacunae and 
many interesting endemic forms*. Ireland, with 
its more marked impoverishment, presents a 
special problem. There is no evidence of a land 
connection with England since well before 
Boreal time, but most of the biota could have 
(and evidently did) immigrate over chains of 
islands, this process being somewhat easier 
during the Boreal phase than it is now. The 
occurrence of some extremely interesting relicts, 
including the “American element” and espe- 
cially the Lusitanian forms, has repeatedly been 
explained as the result of survival through at 
least one glacial age. Although this does not 
seem at all likely, it cannot yet be absolutely 
Tuled out. 


Some Minor Land Bridges 


The discussion of the British Isles, and espe- 
cially of the Isle of Man, shows that the data of 
biogeography have a very important bearing 


5 On the estimate of Heim de Balsac (1930), of 
the 43 British land mammals, excluding bats, rats, 
and doubtful species, 12 are endemic, while all the 
rest are subspecifically distinct. The taxonomic 
lines have certainly been drawn too finely in this 
case. 
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on Pleistocene changes of sea level. To the ge 
ogist, in fact, it may seem that this is their ¢ 
sphere of service, biogeographic inferences 
to glacial refuges being highly speculative g 
easily refuted by healthy stratigraphy. In gy 
sequent sections changes of level will rece; 
attention in connection with South Africa 
with southeastern Asia. Much more could fy 
said about such changes in northern Europ 
but an exhaustive review of the biota of islands 
peripheral to the Continent, though it would 
be well worth while, must be deferred for, 
future report, and should probably be under. 
taken by someone with a knowledge of th 
Scandinavian languages. Remarks in this se. 
tion will be confined to some of the more familiar 
and accessible problems. 

The first of these is the island of Bornholm, 
in the Baltic between Germany and Sweden, 
Its recolonization by animals and plants is ce. 
tainly of postglacial date. Moreover, postglacial 





land connection with the mainland is definitely 
indicated, for example, by the reptiles and 
amphibians, for the fauna contains three li 
two snakes, eight frogs and toads, and tw 
newts, plus the tortoise Emys orbicularis, know 
as a postglacial fossil (Hecht, 1933). Detailed 
knowledge of the history of the Baltic, sum. 
marized in many familiar sources, indicates that 
Bornholm was joined to Germany at the tim: 
of the Ancylus Lake. The exact position of th 
Ancylus shore line in this region is difficult to 
fix, as it is now under water, but the occurrence 
of stumps containing peat of Boreal-Atlantit 
age has been reported in depths as great as 3] 
meters (Isberg, 1927; Pratje, 1934). The shore 
line is therefore taken as approximately coer 
tensive with the 40-meter isobath®, and on this 
assumption Bornholm was part of a peninsula 
Nothing about the fauna is inconsistent with 
the view that it arrived in Boreal time, but 









Hecht’s suggestion that it arrived from eastem 
Europe via Pomerania rather than along th 
route taken in the postglacial colonization d 
Denmark and Sweden is without foundation, 
Hecht maintained that the Bornholm repre 
sentative of the water snake Natrix natrix was} 


®An emergence of 80 meters during Am 
time, which would join even Gotland to the Ger 
coast, and which is assumed by Lindroth (1933) 
account for the occurrence there of the weev 
Tropiphorus obtusus, is entirely unlikely. 














the eastern European subspecies scutata, but 
Pfaff (1935) showed that this identification 
rested on three specimens, and that there is no 
difference between the Bornholm form and the 
subspecies natrix of Denmark and Scania. 

The colonization of islands on continental 
shelves has important implications for the 
strictly biologic study of speciation and evolu- 
tion, as well as for Pleistocene geography. One 
of the most famous cases, that of the lizards 
(Lacerta sicula) of the small islands off the 
Istrian coast, should not be left entirely out of 
account, even though its geologic basis is un- 
satisfactory. According to Kramer and Mertens 
(1938) there is a quantitative relationship be- 
tween the degree of taxonomic differentiation 
among these lizards and the age of the islands 
on which they occur. The area of the island is 
a complicating factor, owing to the rapidity of 
evolutionary change in small populations (the 
Sewell Wright effect), but as Huxley (1943) 
puts it, there is supposed to be a definite 
“partial correlation” with age when area is held 
constant, and with area when age is held con- 
stant. Mayr (1942) points to a third factor— 
distance from the mainland. It must occasion- 
ally happen that a lizard is rafted across the 
relatively short distance; the chance of this is 
of course greater for the nearer islands. Refer- 
ence to the original work shows that the sta- 
tistical treatment is inadequate. The concept 
of partial correlation, which has a definite 
statistical meaning and could appropriately 
have been applied here, does not appear, but 
instead Kramer and Mertens take the algebraic 
sum of the depth of the channel plus the area, 
the latter being added in as though it had a 
negative sign. The sum is then compared with 
the degree of taxonomic distinctness of the 
lizard population, expressed in arbitrary units 
from 0 to 4. This quantitative technique might 
be acceptable, crude as it is, but the geologist 
must ask on what grounds the depth of water 
between the island and the mainland is regarded 
asa function of age. The underlying assumption, 
of course, is that the sea rose af a uniform rate 
from its low stand during the last glacial age. 
This level is taken as —90 to —100 meters, 
el following Dubois; the greatest depth inside the 
islands is a little more than 30.meters; therefore 
the islands were formed in the last half of post- 
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glacial time, the ones with deeper channels 
being older. But nothing we know about eustatic 
rises of sea level justifies the assumption of a 
uniform rate of rise throughout postglacial time. 
If assumptions have to be made, it is much more 
reasonable to assume that the rise was hyper- 
bolic, as we know it was in the British Isles. 
But on this assumption most of the rise had 
been completed during the first half of post- 
glacial time, and all the islands are of approxi- 
mately the same age. The differences in the 
lizard populations, which are undoubted, are 
therefore presumably related to area and to 
degree of isolation, as well as to other factors 
not so readily ascertained, but more data are 
needed for a quantitative evaluation of the 
relationships. 

This example from the Mediterranean region 
brings us to the problem of Corsica. A volume 
of the Mémoires de la Société de Biogéographie 
(Tome 1, 1926) is devoted to this island, but it 
is in some ways the least satisfactory of the 
series, owing to the almost complete failure of 
its authors to consider the colonization of 
Corsica as a Pleistocene problem. A gecko 
(Phyllodactylus europaeus) occurs there, for ex- 
ample, as it does on several other Mediterranean 
islands, and, as this is the only Palaearctic 
gecko, Joleaud finds it necessary to go back to 
the Permian to account for its distribution. 
But if we discount such wildly improbable 
hypotheses, and ignore the large amount of 
discussion of the ancient land mass “Tyr- 
rhenia”, which is supposed to have foundered 
in the eastern Mediterranean, Corsica and 
Sardinia raise several interesting questions 
for the Pleistocene biogeographer. 

As would be expected from its size and its 
isolation, there are some distinct varieties of 
mammal on Corsica, some of them perhaps 
meriting specific status. The white-toothed 
shrew Crocidura russula is represented on Cor- 
sica by C. cyrnensis, and on Sardinia by C. ich- 
nusae; rather different shrews of this genus are 
found on each of several other Mediterranean 
islands, and a comparable group of insular 
species also characterized the extinct shrew 
genus Nesiotites during the Pleistocene (Bate, 
1944). The weasel Mustela boccamela boccamela 
is endemic to Sardinia, and a distinct race, M. 
b. corsicana, occurs on Corsica. The red deer 
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Cervus elaphus corsicanus is not especially close 
to elaphus, according to Bate (1943), though 
the various Mediterranean deer are poorly 
known; the Corsican form is also known as a 
Pleistocene fossil. Distinct subspecies of hare, 
Lepus europaeus, are also said to occur on the 
two islands, L. e. corsicanus being the Corsican 
form. Apart from these, however, there is 
scarcely any endemism, and though the fauna 
of Corsica includes the hedgehog, the fox, the 
badger, the lynx, several rodents, the wild boar, 
and the sheep, not to mention several bats, none 
is more than subspecifically distinct from its 
mainland representative. Subspecies identical 
with the Italian form are: Erinaceus europaeus 
italicus, Vulpes vulpes crucigera (possibly intro- 
duced), and Apodemus sylvaticus dichrurus on 
Corsica, Martes martes latinorum and Felis 
ocreata sarda on Sardinia. Evidently the isola- 
tion of Corsica from Italy is not of very long 
standing. Moreover, the list of mammals con- 
tains species, any one of which might have 
crossed a water barrier, but which taken collec- 
tively form a balanced land fauna and therefore 
imply land connections in the recent past. The 
mammalian evidence is confirmed by the occur- 
rence of the fresh-water flatworm Planaria 
alpina on Corsica. 

Could these species have entered Corsica 
during the last glacial age, when sea level was 
lower? At first sight it seems improbable, for 
the strait that separates Corsica from Italy is 
between 180 and 360 meters deep. The evidence 
from near-by Versilia (Blanc, 1937) shows that 
during the last glacial age the sea was at least 
100 meters lower than today. There is nothing 
to prove that it could not have been lower, but, 
as this figure agrees so well with estimates of 
the eustatic lowering of sea level in other parts 
of the world, it is not safe to go beyond it at 
present. The deep channel, however, is very 
narrow: less than 6 miles of open water would 
separate Corsica from the shelf north of Elba 
if the sea were lowered by 180 meters, and the 
distance would probably not be much greater 
if the 100-meter isobath were taken as a guide. 
This compares with a present gap of 50 miles, 
and submarine deepening of the channel could 
easily have occurred here since the sea level 
began to rise. 


The implication of the low degree of endem- 
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ism in the mammal fauna is so definite that j 
seems that this must be what happened. } 
should be noticed that the most distinct form; 
on Corsica are also represented by disting 
forms on Sardinia, though the two islands ar 
virtually one; no one would suppose that they 
have been separated from each other by wate 
since the last glacial age, yet their isolation ha 
been sufficient to permit speciation. Nothing 
could show more clearly that all animals do not 
form species at the same rates, and this argy. 
ment therefore eliminates the Corsican endemic: 
as evidence of a longer isolation. 

One of the lacunae in the Corso-Sardinian 
fauna also can be used to support the dating of 
the invasion of Corsica. There are no mole 
today on either island, though Sardinia had 
one in (probably Lower) Pleistocene time (Bate, 
1945). This, however, was Talpa tyrrhenica, 
member of the T. romana species group, and 
not allied to the typical moles of temperate 
Europe. The absence of a modern mole points, 
as Bate says, to adverse climatic conditions, 
followed by isolation. Evidently the animak 
that were able to use the land bridge to Corsica 
were species that took refuge in Italy duringa 
glaciation, and this conclusion is supported by 
the occurrence of several of them (Crocidun 
russula, the badger, the lynx, the wood mouse, 
the boar, and the deer) in the Mousterian rod 
shelter at Gibraltar (Bate, 1928), where they 
were associated with the alpine chough and the 
great auk. 

One remarkable Corsican species should als 
be recorded. The ochotonid rodent (cony) Pre 
lagus sardus occurred throughout the Pleisto 
cene both in Corsica and Sardinia and appeas 
to have survived until the seventeenth century 
on the small island of Tavolara off Sardinia 
(Tobien, 1935). The genus is now extinct, and 
this animal seems to have been an extraord: 
narily late survival of the Lower Pleistocen 
mammal fauna of the Mediterranean region 
Subspecific differentiation between Corsica 
and Sardinian populations can be demonstrated 
in the fossil material. Associates of Prolagus i 
some deposits include four other extinct gene 
(Nesiotites, Enhydrictis, Tyrrhenicola, and Rit 
gamys), whose occurrence is the basis for th 
dating of these deposits as Lower Pleistocent 
The survival of one archaic element, however, 
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does not prove that the whole fauna is of any 
great antiquity. Other species that must have 
reached the islands via earlier land bridges 
indude Elephas antiquus lamarmorae, known 
from Sardinia. This is a member of the species 
group that includes the Maltese elephants (Vau- 
frey, 1929), but the land bridge to Malta is 
well established (Trechmann, 1938) and does 
not require special pleading. 


Conclusions 


This chapter, as has been pointed out by 
several members of the Committee on Inter- 
relations of Pleistocene Research, needs a sum- 
mary, in which the general reader, a geologist 
unconcerned with the taxonomic and evolu- 
tionary aspects of the biologic data, can quickly 
survey the biologist’s conclusions. The following 
chapter, on North America, deals with some of 
the same biogeographic problems as this one, 
plus some that have been omitted from this 
chapter owing to the writer’s unfamiliarity 
with the European literature. One of the final 
sections of the next chapter, in which account 
is taken of pluvial as well as glacial climates of 
the Pleistocene, makes an easy transition to 
the chapters on Africa and Eastern Asia. It 
seems best, therefore, to defer the summary of 
European biogeography until the two northern 
continents can be appraised together. 


PLEISTOCENE BIOGEOGRAPHY OF NORTH 
AMERICA 


Outline 


North American biogeography appears to 
the writer to be far more difficult to summarize 
than European, and this is at first sight sur- 
prising in view of the vastly greater quantity 
of the European literature. North America is 
much larger, however, and has fewer students 
of the Pleistocene than Europe. Although in 
some respects, such as the glacial stratigraphy 
of the Middle West, North America is about 
as well known as Europe, there are certain 
extremely serious gaps in our knowledge. Not 
only are existing ranges of species very inade- 
quately known, so that discussion of Pleisto- 
cene influence on recent distribution is ham- 
pered by data at once too voluminous and too 
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sketchy, but it also happens that our knowledge 
of interglacial deposits is extremely meager. 
The wealth of information on Pleistocene cli- 
matic and other environmental conditions and 
on past ranges of species available to European 
workers is almost missing in orth America. 
This inadequacy, part of the larger difficulty 
that there is no real Pleistocene stratigraphy 
except in a local sense, is the greatest existing 
obstacle to progress in Pleistocene research, and 
it should be the task of this Committee to 
alleviate it. 

The program of attack in this chapter is 
roughly the same as in the last: after a sum- 
mary treatment of the Pleistocene stratigraphy, 
abstracted almost entirely from Flint (1947), 
and a somewhat more detailed consideration of 
the postglacial stratigraphy of the eastern United 
States, existing ranges and their problems are 
discussed. Certain curious disjunctions of dis- 
tribution are brought forward, and it is shown 
that most or all of them are explicable in the 
light of postglacial climatic changes, though 
due weight will be given to the opinion of many 
that certain species have survived one or more 
glacial ages in centers of refuge in boreal Amer- 
ica. No biogeographic problem so full of inter- 
est for students of diverse disciplines and so 
productive of ad hoc research as the biogeog- 
raphy of the British Isles has yet emerged in 
North America; but the tracing out of Pleisto- 
cene stream connections by means of fish and 
mollusk distributions raises questions of almost 
equal interest, and the chapter concludes with 
an account of our fragmentary knowledge of 
this subject. 


Pleistocene Stratigraphy 


The writer is unable to add any significant 
new data to the summary of the state of knowl- 
edge given by Flint (1947). Accordingly the 
main outlines of the stratigraphic column are 
reproduced in Table 6 for ready reference. 

Information on North American interglacial 
fossil floras, especially on fossil pollen, is aston- 
ishingly deficient. It would seem that geologists 
generally do not appreciate the possibility of 
microstratigraphic refinement when interglacial 
deposits are studied. Great quantities of verte- 
brate and molluscan fossils, and some wood, 
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have been collected, but the naming of this 
material has often been entrusted to inexperi- 
enced hands, and too often reports have been 
written by workers whose geographic horizon 
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incidentally to other sorts of areal surveys, and 
chiefly by stratigraphers of an older school. To 
them it seems reasonable to expect the fossjj 
species of one horizon to be largely extinct, to 


TABLE 6.—PLEISTOCENE STRATIGRAPHY OF EASTERN NORTH AMERICA, WITH PRESUMED EUROPEAN 
EQUIVALENTS 


Glacial ages and subages capitalized, interglacial ages and subages italicized. After Flint (1947) 
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is limited by the boundaries of the State in 
which they live. Such workers are likely not to 
realize that the existence of a fossil species 
today somewhere within the confines of their 
State is no warrant for the assumption that the 
climatic conditions surrounding the organism 
were essentially like those of today; the existing 
representatives of the species may be extremely 
rare, local, or relict. Again, even when the 
stratigraphic position of the interglacial deposit 
can be stated, the level of the fossil within the 
deposit itself is often not regarded as worth 
recording. The preservation of an interglacial 
peat or soil deposit under the drift of a later ice 
sheet is highly improbable, and sections record- 
ing the complete history of an interglacial age 
must be very rare. As most of the known 
sections are incomplete, microstratigraphic 
methods would seem almost imperative for 
correlation, yet they are almost never used. 
The fundamental barrier seems to be that 
Pleistocene geology is studied in North America 


be related faunistically and floristically to spe- 
cies of equivalent age, and to be taxonomically 
distinct from fossils of earlier and later ages. 
Within the Pleistocene this is simply not true: 
in the absence of any great degree of evolu- 
tionary change and extinction, it is only by 
detailed knowledge of geographic distribution 
of species, present and past, and by attention 
to ecologic associations, that the biology of 
fossils can yield results of geologic importance. 

The advantages of close study of existing 
ranges of fossil species are well illustrated by 
the recent work of Steere (1942) on the mosses 
of the type deposits of the Aftonian Intergla- 
cial stage of Iowa. Thirty-three species have 
been found in these deposits, some of them it 
a remarkable state of preservation. While fout 
of these are extinct, no great difference from 
modern floras is implied by the fact, for all four 
belong to plastic genera, and one may be a mem 
ber of the genus Neocalliergon Williams, dé 
scribed as new from the late-glacial deposits ia 
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Minneapolis (Cooper and Foot, 1932). (Wil- 
liams’ species, NV. integrifolium, is now known 
from the Peorian interval in Minnesota, accord- 
ing to Rosendahl, 1948). Consideration of the 
present geographic ranges of the remainder 
indicates that “the Aftonian interglacial... 
was much colder and wetter than at present, 
with a climate like that now existing five hun- 
dred to a thousand miles farther north” (Steere, 
1942, p. 100). But Steere does not discuss the 
possibility that these deposits do not record 
the whole of the Aftonian, and the pollen data 
of Lane (1941), particularly those for the Den- 
nison beds (also in Iowa, but farther north), 
imply that at the climax of the interglacial con- 
ditions in Iowa were about as warm and as dry 
as at present, as shown by a maximum of 
deciduous tree and herbaceous pollen. Lane’s 
pollen data for the Union County deposits, 
from which Steere’s mosses came, are unsatis- 
factory owing to the small number of grains 
obtainable by the KOH method, but they do 
suggest that some attention to the microstratig- 
raphy of the fossil mosses might have been 
profitable. For this omission Steere is not re- 
sponsible, since he did not make the collection. 

Steere argues that mosses deserve more atten- 
tion from Pleistocene geologists than they have 
received, for there are likely to be more species 
in a given deposit and their ecologic require- 
ments are more narrowly drawn than in the 
case of phanerogams. It may be doubted, how- 
ever, that mosses have been deliberately 
slighted by geologists. What has been neglected 
is the kind of close attention to detail in the 
field that distinguishes European from Ameri- 
can stratigraphic work (at least where inter- 
glacial deposits are concerned), the technical 
refinement that might have made Steere’s excel- 
lent studies more illuminating than they actu- 
ally are. 

The recent paper of Rosendahl (1948) on the 
Pleistocene flora of Minnesota deserves mention 
here. In this account 126 species are listed, 76 
of them from a single well boring dated as 
Peorian. There is an extraordinary preponder- 
ance of white spruce, Picea glauca. In this 
otherwise admirable work there is again no 
recognition that a “deposit” may have any 
internal stratigraphy. 

It seems, then, that while long lists of Pleis- 


tocene fossils have been assembled from North 
America, as by Hay (1923; 1924) and Baker 
(1920), we really know extremely little about 
biogeographic conditions during the epoch as 
a whole. Flint’s account condenses all the essen- 
tial information into a few short paragraphs 
and shows that what we know is just about 
what one would predict if he knew about mul- 
tiple glaciation but had no other information. 
That is, during the glacial ages the fauna and 
flora were pushed south by the ice sheets, while 
during interglacial ages the biota expanded, a 
given species going as far north as it does today 
or in some cases a little farther. The interglacial 
climates varied from cool to about as warm as 
today and back to cool again as the next ice 
sheet approached, but the fossil evidence on 
which this almost banal deduction is based is 
deplorably scanty. On the finer points of the 
migrations of plants and animals, on the loca- 
tion of refuges, on the mechanics of speciation 
by glacial isolation and subsequent overlapping 
of ranges, and on many other vital details 
American biogeography is nearly 50 years be- 
hind the European. The next section will show 
that insofar as postglacial time is concerned 
a similar lag is evident, though it may be esti- 
mated at 15 rather than 50 years. 


Postglacial Stratigraphy 


Pollen analysis.—In postglacial pollen analy- 
sis American workers, though somewhat slow 
to employ the technique, have been making 
great strides, and the situation, in the eastern 
United States, at least, is nearly ripe for an 
informative summary. Several have been at- 
tempted from time to time (Sears, 1935a; 
1935b; 1938; 1948; Cooper, 1942c; Fuller, 1935; 
Cain, 1939; 1945; Eiseley, 1939), and a new 
interpretation follows. Its essential outlines are 
g:ven in Table 7. 

For many years, apart from macroscopic 
fossils in late-glacial deposits (Hollick, 1931), 
we have had no evidence of a tundra vegetation 
preceding the episode of spruce-fir forests with 
which the American pollen diagrams open. 
It has often been pointed out that borings in 
peat bogs are not likely to reach sediments 
deposited in the vicinity of active ice, since most 
peat bogs occupy kettles, kettles imply dead ice 
masses, and small masses of dead ice probably 
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meted out some time after the first wave of 
plant colonists had swept on beyond the site of 
the borings. Moreover, sediments older than 
the peat or lake mud with which the record of 
organic deposition begins in our small lakes and 
bogs are in general poor in pollen, troublesome 
to analyze, and have not even been collected 
by many American workers. Thus if there is a 
record of tundra vegetation immediately follow- 
ing on the heels of the retreating ice sheets, 
geologic circumstances and the mental habits 
of pollen workers may have conspired to make 
them miss it. The writer still believes that this 
is the correct explanation for the lack in North 
American pollen diagrams of a phase corre- 
sponding to the Late-Glacial in Europe. Some 
workers, however, have come to doubt that 
there ever was a belt of tundra vegetation pe- 
ripheral to the retreating ice, at least as far 
south as the United States. The evidence in 
favor of this view is largely negative, though 
considerations based on fish distribution, pre- 
sented in a later section, strongly suggest that 
the tundra zone was very narrow in the Middle 
West. An argument based on data from Min- 
neapolis (Cooper and Foot, 1932), showing that 
an upland forest grew within 250 miles of the 
late Mankato ice sheet, seems irrelevant, for 
250 miles leaves plenty of room for tundra. 
However, it is the general position of Braun 
(1947), as discussed below, that beyond the 
Pleistocene drift border there was very little 
effect of glaciation on the vegetation. 

At any rate, evidence of a tundra phase has 
at last come to light in pollen data from Maine 
(Potzger and Friesner, 1948). The data are 
entirely inadequate for a thorough study of the 
problem, for in their analysis of the thick layer 
of rock flour underlying the peat in the Maine 
bogs Potzger and Friesner failed to use special 
methods for concentrating the pollen, and made 
only a few counts of 10 or 20 grains each. In 
several of the deep samples, however, the non- 
tree pollen, especially of grasses and composites, 
reaches values from 25 to 50 per cent of total 
forest tree pollen, and in one sample the per- 
centage of grasses alone is 122. Such figures 
provide a strong indication of a treeless or very 
sparsely wooded country, and closer analysis 
of samples like these seems almost certain to 
bring forward the first North American account 
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of the “Late-Glacial” that can be connected 
pollen-analytically with the ‘Postglacial’ as 
Firbas and others have done. 

The strictly postglacial pollen diagrams from 
Connecticut (Deevey, 1939; 1943) and Mas- 
sachusetts (Deevey, 1948b) have been divided 
into five “zones” (horizons), following the 
practice of European workers. As these cor- 
respond closely with the five zones recognized 
by Sears (1932) in Ohio (but with designations 
subsequently changed; Sears, 1942a), the posi- 
tion adopted here is that the whole eastern 
United States can be fitted into this sequence. 
There are certain difficulties for this inter- 
pretation, particularly in some of the dia- 
grams from the middle West. But the pattern 
is so clear over so wide an area that it 
would seem that variations must reflect local 
aberrations of the vegetation rather than de- 
partures from the climatic sequence implied 
by the “normal” diagrams. 

There is little question of the validity of the 
spruce-fir zone, A. When a diagram anywhere 
north of the drift border in eastern Canada 
and the eastern United States fails to show it, 
this failure is now regarded as proof that the 
boring is incomplete. Within the interval, how- 
ever, there are variations from place to place. 
Most interesting of these are oscillations of the 
spruce curve (rise to a maximum before the 
end of the phase). One such oscillation in 
southern Connecticut has been equated to a 
local readvance of the ice border, of which there 
is independent evidence. In Indiana, and es- 
pecially in Wisconsin and Illinois, one has the 
impression that bogs near but outside the 
limits of a later Wisconsin substage usually 
show a spruce oscillation, while those farther 
from the ice or on the latest Mankato drift do 
not. (See data cited by Deevey, 1939.) A gen- 
eral summary of this kind of detailed stratig- 
raphy must await a better knowledge of the 
late Wisconsin substages outside the Lake 
States; and indeed, so far as the geologist is 
concerned, there usually are better ways of 
establishing a readvance of the ice than by 
looking for a spruce maximum in near-by 
bogs. The supposed relation between advancing 
ice and resurgent spruce forests, and the lack 
of such a relationship in some localities, is 
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merely one aspect of the relativity of pollen 
zones as chronologic horizons. 

The next zone, B, is characterized every- 
where’ by a strong maximum of pine pollen. 
The resemblance to the European Boreal is too 
close to be ignored. Evidently in this interval 
the climate became considerably warmer and 
drier, and pines, presumably of different species 
(e.g., Pinus rigida in New England, P. bank- 
siana and P. resinosa in the middle West), found 
suitable habitats on the poorer soils. It is not 
implied that pine forests prevailed everywhere 
during this phase. The universal occurrence of 
large quantities of pine pollen (normally over 
50 per cent) must mean that pines occupied at 
least the poorer soils while deciduous trees 
were still absent from the richer sites. 

In the deciduous zones, C, regional variation 
within the eastern United States begins to 
emerge. This variation is responsible for the 
difficulties of correlation. Until an absolute 
chronology is available (and there is reason to 
believe that the new radiocarbon technique 
(Libby, Anderson, and Arnold, 1949; Merrill, 
1948) will ultimately provide such a chronology) 
pollen sequences will ordinarily give only rela- 
tive dating; even so, the predominance of hem- 
lock in New England, of oaks and hickories in 
the middle West, and other regional differences 
in forest composition stand in the way of the 
simple interpretation on which correlation must 
be based. In the light of the clear and well- 
established sequence in southern New England, 
however, it seems obvious that the threefold 
division: oak-hemlock, oak-hickory, and oak- 
chestnut, has its ecologic and climatic counter- 
part in the succession: oak-beech, oak-hickory, 
oak-beech in Ohio, the beech representing rela- 
tively mesophytic, moist conditions (as com- 
pared with the hickory) in a region where 
hemlock is not abundant. In diagrams from 
northern New England and Nova Scotia, where 
oaks are relatively scarce, there is a maximum 
of oak pollen in the middle (C2), and the subse- 
quent return of spruce and hemlock is there- 
fore taken to represent C3. Proceeding in this 
way, as has been done largely by Sears and the 


7A question mark is placed in the New-York 
column ingen eveiebis (il aes ~4 ad York 

lien di m available , 1939) ha 
e not to show a pine zone. It has octadansii 
oe missed elsewhere. 
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writer in various publications, the chief qj 
culties are met in Illinois, Michigan, Wise 
sin, and Minnesota, where a threefold divisig| 
is often impossible to distinguish. Many hy 
diana diagrams® also fail to show a consiste 
subdivision of the C zones. But in some g¢ 
those characterized by a steady oak 
there is a well-defined maximum of elm polly 
above the pine zone, and this is here equatej 
to C1. In Wisconsin and Minnesota, where lar 
quantities of pine pollen often confuse th 
picture, there is nevertheless a steady declin 
of pine and a rise of oak or spruce eithe 
throughout C or throughout the part of thf i 
diagram that lies above the elm peak. 

Table 7 accordingly embodies an interpret. 
tion of post-Boreal time that is reasonably 
certain for the whole region from Ohio east 
ward and that is extended westward with 
confidence that future work will support th 
correlation. However, it is possible now to 
further, to refine the threefold subdivision ¢ 
the C zones? in the eastern States. For this p 
pose reliance is placed on small but remarkab 
consistent fluctuations of the beech curve th 
were first noticed in Connecticut (Deey 
1943) and northern New Jersey (Potzger 
Otto, 1943). Two rises of beech pollen, acrog, 
the C1-C2 transition and across the C2-(j 
transition, are separated by a minimum at ti 
time of the hickory maximum in practically al 
“normal” profiles from Maine to Ohio. (“Ne 
mal” profiles are those that show sufficie 
detail above the pine maximum, are not ob 
viously truncated, and have not been seriously 
influenced by pines, spruces, etc., near the sitt 
of the boring.) At first sight the New Jerseyg i 
diagrams seem to fit this picture extremely well 
Closer study, however, suggests that the N 
Jersey profiles are truncated at the top, 
that the second beech maximum in New Jerse 
corresponds to the first in Connecticut ani 


8 It is true, as Sears (1948) remarks, that many @i 
Voss’s (bog) profiles and others that have lom 
seemed to resist the classification into three C zon 
are obviously truncated. This happy explanat 
cannot apply to profiles from Indiana and Michig 
lakes, however (e.g., Potzger and Wilsor, 1941} 
Wilson and Potzger, 1943). 

® This interpretation has not previously appeam 
in print, though it has been hinted at (Deevg 
1943; 1948b). It was presented orally at the Ne 
Jersey meeting of the Ecological Society of Amen 
in June 1948. 
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Ohio. But if this is so, the first beech maximum 
in New Jersey (for example in the Squires Cor- 


ivisig— ner bog) is so far unrepresented elsewhere. 


A perfectly plausible phytogeographic ex- 
planation is at hand for the facts as they now 
appear and is indicated in Table 8. Beech, 
moving out from its center of refuge in the 
northern Appalachians, appeared in strength 
during C1 in New Jersey, which was nearest 
the refuge; as it moved into Ohio, in the direc- 
tin of a more continental climate, it became 
rdatively dominant, and high percentages of 
beech pollen characterize C1. It also moved 
into New England, where it had been preceded 
by hemlock, as it had in Ohio as well. (See 
especially Ohio diagrams by Potter, 1947.) 
As dimatic conditions during C1 were more 
suitable for hemlock in New England, beech 
did not obtain a foothold there until the drier 
conditions of C2 were approaching. On the 
other hand hemlock did not establish itself 
fimly in Ohio, and was quickly replaced by 
beech. But during C2 conditions were drier 
everywhere, and hickory, moving eastward from 
centers of refuge in the middle West, brought 
veye about an interruption in the migration of 

im beech and hemlock, which, though temporary 
in the long view, was nevertheless of fairly 
i long duration. Renewed migration of beech 
took place during late C2 and early C3 and 
i= was perhaps followed by some retrogression in 
New England as the climate deteriorated and 
became suitable once more for hemlock and 
even for spruce and fir. 

This explanation admittedly rests on slender 
evidence, for it requires three beech maxima 
in all, whereas no profile yet available shows 
more than two. Two of them, however, here 
regarded as II and III, are so well shown in 
most profiles and so difficult to account for on 
purely climatic grounds, that probably some 
other phytogeographic interpretation will have 
to be substituted if this one proves untenable. 
mm At the meeting where this hypothesis was 
put forward the writer was startled and grati- 
‘am ed to learn from W. H. Camp that modern 

iW (and still unpublished) taxonomic studies have 
shown that there are three species of beech in 
eastem North America, instead of one, and 
that one of them (presumably .that whose 
migration is recorded as Beech I in New Jersey) 
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is an associate of the spruce-fir forest com- 
munity in southeastern Canada. 

The relativity of pollen zones as chronologic 
markers has been alluded to several times. We 
do not know that climatic zones moved regu- 


TABLE 8.—DIAGRAMMATIC CONCEPTION OF PHYTO- 
GEOGRAPHIC MOVEMENTS OF BEECH, HEMLOCK, 
AND Hickory IN THE EASTERN UNITED STATES 
SINCE THE ImmIGRATION OF DEcIDUOUS FORESTS 
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larly and gradually from south to north with 
the ice sheets, succeeding each other in space 
as they did in time. Pollen analyses show a 
transition from pollen of spruce and fir through 
pine pollen to pollen of broadleaf deciduous 
trees, the same sequence being repeated every- 
where that profiles are available. This sequence 
certainly reflects phytogeographic movements, 
but it is only an inference that migrations of 
climatic belts were also involved. It seems a 
reasonable inference, and there are no present 
grounds for doubting it. But the time required 
even for the major plant migrations to be com- 
pleted imposes an elasticity on the pollen 
chronology that may be serious if chronologic 
comparisons are made over great distances in 
a north-south direction. Minor phytogeogra- 
phic shifts, of the sort undergone by the beeches, 
are even more troublesome, for to these al- 
most no climatic significance can safely be 
assigned, and they therefore tend to blur the 
lines between the accepted climatic zones. 

Until an absolute chronology is available, 
however, the pollen chronology must be used 
as the best we have for postglacial events. 
Moreover, it is possible (Deevey, 1939) that, 
if the climatic optimum was the result of extra- 
terrestrial causes, events related to it may 
have been contemporaneous in the astronomic 
as well as the pollen-analytic sense. 
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Xerothermic Interval and Climatic Optimum.— 
The various phenomena referred to the “‘post- 
glacial xerothermic” phase undoubtedly are in 
general to be assigned to C2. Among these in 
the eastern United States are the inferences, 
based on phytogeography without stratigraphy, 
that xeric coastal plain plants have found it 
easier to migrate inland to the Great Lakes 
than they do now (Peattie, 1922; Svenson, 
1927) and that the prairie has left outliers in 
the forested regions of the middle West (Glea- 
son, 1922; Transeau, 1935). These disjunctions 
are discussed in greater detail below. Whether 
all the phenomena of the so-called “climatic 
optimum” belong to C2, however, is another 
question. C2 saw a shift from moist to dry 
conditions, but it is not clear that the post- 
glacial thermal culmination corresponds every- 
where to the oak or hickory maximum. “Opti- 
mum” is of course a subjective term, and, in 
New England, at least, it would appear that 
the most genial climate from the standpoint of 
human welfare fell in C/. Most of the evidence 
of a warmth maximum during postglacial time 
(warm-water marine mollusks at the site of 
the Boylston Street fishweir (Shimer, 1918; 
Johnson and others, 1942); desiccation of lakes 
in the Great Basin (Antevs, 1938); recession 
of glaciers in the Rockies (Matthes, 1939; 
1940), and in Alaska (Cooper, 1942a); emerged 
strand lines in the Pacific (Stearns, 1945); etc. 
etc.), at least in North America, does not per- 
mit detailed stratigraphy. For the present we 
shall have to be content with extremely loose 
chronologic estimates of the climatic optimum, 
realizing that relatively warm conditions pre- 
vailed from Zone B to Zone C2, and that with- 
out pollen data in the immediate context of a 
supposed optimum it is impossible to be more 
precise. The demonstration that Littorina time 
began in Switzerland in 5400 B.C. (Welten, 
1944) makes terminal estimates as high as 
8000 or even 10,000 years not unreasonable, 
compared with the figures of 3000 to 5000 
years usually quoted by archaeologists and 
others. There undoubtedly was some sort of 
temperature culmination corresponding to the 
much-debated optimum; since Raup wrote his 
review (1937) the whole trend of pollen data in 
North America has borne out the conception, 
and in some cases pollen of warmth-loving 
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trees has been found in some quantity at sity 
now outside therangeofthespecies—buttemy 
and hickory have been found in Wisconsp 
(Wilson and Webster, 1942), and hemlod 
has been found on the Matamek River i 
Quebec (Bowman, 1931). Since Sears wrotehis 
review of Xerothermic Theory (1942c) wehay 
the demonstration that forests advanced inty 
the tundra of southern Labrador and subse. 
quently retreated (Wenner, 1947). 

Glacial refuges.—Although it is obvious that 
forest trees and other non-tundra plants ag 
well as animals must have survived repeated 
glaciations by contracting or shifting ther 
ranges south of the ice margins, pollen analysis 
has not been very helpful in establishing the 
location of the refuges. In fact, as evidence ac. 
cumulates that boreal forests were widely de. 
veloped in the southern United States at about 
the climax of the last glaciation, it is becoming 
increasingly difficult to imagine a place wher 
the characteristic components of the temperate 
flora could have taken refuge. Most striking is 
the discovery of macroscopic remains of white 
spruce, larch, and arbor vitae in Louisiana, 
where they are accompanied by less unexpected 
species such as oaks, magnolia, and tulip tre 
(Brown, 1938). The stratigraphic position d 
the fossils is not clear, but the existence of the 
northern species almost within sight of th 
Gulf of Mexico is indisputable. 

The occurrence of pollen of spruce and fir’ 
not so critical as the occurrence of wood and 
seeds, for it is always possible to argue that 
pollen is wind-borne from a distance. Still 
while there are not very many pollen diagrams 
from beyond the glacial boundary, there ar 
enough to indicate that spruce and fir polle 
in the deeper layers is not exceptional but isa 
normal part of the diagram, and some of the 
sites are so situated that distance-transport & 
not a likely explanation. The available dit 
grams come from: western Pennsylvania and 
eastern Tennessee (Sears, 1935b); Cranbeny 
Glades, West Virginia (H. C. Darlington, 1949)8 i 
a North Carolina “bay” (Buell, 1945; the ful 
diagram has not been published); buried soll 
in South Carolina (Cain, 1944b); and an oxbe 
lake in Texas (Potzger and Tharp, 1947). 
addition, pollen of spruce and fir is reporté 
from “Pleistocene” deposits in Florida (Davi 
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1946), though no diagram is given, and the age 
of the deposits is unknown. This is the full list 
of profiles from unglaciated eastern North Amer- 
ica, except for that from the Dismal Swamp, 
Virginia (Cocke, Lewis, and Patrick, 1934), 
most of whose formation evidently postdates 
the dimatic optimum, and the profiles from 
southern New Jersey (Potzger, 1945). The oc- 
currence of spruce pollen in Texas is most 
dificult to account for on a hypothesis of long- 
distance transport. F 

The profiles from the Pine Barrens of New 
Jesey are remarkably uniform. Because of the 
presence of a little bit of nearly everything that 
is found elsewhere in postglacial profiles, Potz- 
get concluded that the Pine Barrens offered a 
significant glacial refuge. Though any area 
not subject to glaciation or to a periglacial 
dimate and not submerged under water doubt- 
less served as a center for postglacial coloniza- 
tion, it seems doubtful that the Pine Barrens or 
any other part of the coastal plain constituted 
an important refuge for mesophytic species. 
Beech and hemlock pollen are practically ab- 
sent from these profiles, which are dominated 
by pine and oak, presumably of coastal plain 
species, and if the lack of spruce maximum 
near the bottom is a reality, and not due to 
uninformed sampling (by the W.P.A. Peat 
Survey of New Jersey), the region was certainly 
not a refuge for spruce. The profiles are extra- 
ordinarily short, and the samples were compara- 
tively widely spaced, so further work is neces- 
sary before they can be accepted at face value; 
moreover, the writer, having seen one of the 
localities (Martha) in company with Murray 
Buell and others, is inclined to believe that the 
whole peat section has been built up by flooding 
of a backwater within historic time. 

By noting the order of appearance of certain 
genera in pollen diagrams, and by plotting on a 
map the sites at which a given tree appears 
first, second, third, etc., Sears (1941; 1942b) 
has attempted to locate some of the directions 
in which glacial refuges may have lain and to 
trace the course of postglacial migration (Fig. 
12). This method, widely used in Europe (see 


im Fig. 4, for example), also underlies the writer’s 


remarks on the beech curve (above). Itsapplica- 


® ton in North America, however, .is not very 


successful, owing to the large number of pollen 


1361 


diagrams that cannot be confidently divided 
into zones in the present state of our knowledge, 
and to the danger of including incomplete dia- 
grams. What the maps appear to show is that 
hemlock, oak, and beech immigrated into the 
glaciated area from the south, while hickory 
came predominantly from the west, and bass- 
wood came from a center in the northwest, 
presumably from the Driftless Area in Wiscon- 
sin. This last, if true, is most interesting, for 
the conception that the Driftless Area was an 
important glacial refuge has faded in popularity 
since the time of the early biogeographers who 
evidently pictured it as an island in an ice 
sheet, something it never was. 

To summarize, the limited stratigraphic data 
so far obtained do not tell us very precisely 
where the major refuges were during Wisconsin 
or earlier glacial ages. We know, however, that, 
even so far south as Louisiana and Texas, mem- 
bers of the northern coniferous forest. com- 
munity occurred during the Pleistocene, so 
that, unless one can believe that the typical 
temperate species were pushed south of the 
Rio Grande and deep into peninsular Florida, 
the alternative is a picture of an extraordinary 
intermingling of boreal, temperate, and sub- 
tropical elements along the Gulf coast (and on 
land now submerged along that coast by a 
postglacial rise of sea level). 

Changes of sea level in postglacial time.— 
Much could be and has been written on this 
subject, but for the most part it remains, at 
least in eastern North America, a strictly ge- 
ologic problem; as biogeography has played 
little part in it, a full summary has no place 
in this review. The advantages of a combined 
attack by students of various disciplines should 
be obvious to anyone familiar with the Euro- 
pean literature, but so far biologists in particu- 
lar have shown little interest in the matter. 

Even on a purely geologic approach it is not 
an easy task to investigate a rising sea level 
such as the one along the New England coast, 
for the advancing waves tend to remove or at 
least to drown the evidence. Studies of traces 
of an emerged shore line in Massachusetts 
and Maine (Hérner, 1929; Antevs, 1928) show 
that it reaches sea level a little south of Bos- 
ton (although Hyyppa (1939) believes it to be 
above sea level in Rhode Island). This shore 
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FicurE 12.—Orper or PostcLaciAL APPEARANCE OF Five Important GENERA OF Forest Trees, Bast) § has been 
ON POLLEN DIAGRAMS FROM THE EASTERN UNITED STATES . 


Redrawn from Sears (1941, Figs. 5-9). 
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it marks the point where crustal recoil and the 
leustatic rise Of sea level are in balance, and 
the southern portion of the late-glacial land 
surface is now drowned. A pollen date, now 
available for Oyster Pond in Falmouth, Massa- 
chusetts, where a fresh-water pond has been 
‘tumed into an intermittently brackish lagoon, 

tells us that the rise of sea level has been 

going on there since C/ time and possibly earlier. 

In fact the rising sea level has led to a rise of 

water table at inland points on Cape Cod and 

the near-by islands, with rather remarkable 
results for the vegetation as revealed by the 
gollen sequence (Deevey, 1948b). But a rise of 
\sea level so late as C/ is surely nothing but 
‘the latest part of a rise that must have begun 
‘with the glacial unloading of New England. The 
evidence of the earlier part of the rise, which 
may have been very much faster as we assume 
it must have been greater, lies farther seaward 
andhasnot yet come to light. At Boston (Johnson 
| and others, 1942) the sea has risen 16 feet since 
| the fishweir was built, and since the warm-water 
| mollusks lived in the Bay. A pollen date of C2 
| or early C3 seems to be in order for the fishweir 
itself. But with such fragmentary data we are 
scarcely in a position to draw diagrams of the 
relation of land and sea during postglacial 
time, as Godwin does for the British Isles, for 
example. The magnificent material collected 
along the New England coast by Hyyppa will 
doubtless stimulate much more work on the 
problem by American biogeographers. 

Pollen analysis in the Western United States. — 
The application of pollen technique to bog 
profiles in the Pacific Northwest has so far 
depended wholly on the tireless efforts of H. P. 
Hansen. A volume summarizing this huge 
amount of work has recently appeared (Han- 
sen, 1947). For the region as a whole Hansen 
recognizes four phases: 

IV. Cooler, Moister 

III. Maximum Warmth and Dryness 

II. Increasing Warmth and Dryness 

I. Cool, Moist 

In the establishment of this sequence Hansen 
as) § has been handicapped by several circumstances 
peculiar to the country—its extreme topo- 

graphic and climatic variability, the domina- 
evi tion of the forest by a large number of conifer- 
the US species that are by no means ecologically 
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equivalent, but whose pollen grains are indis- 
tinguishable,"° and an apparent absence of 
postglacial climatic changes on the scale of 
those characteristic of western Europe and 
eastern North America. In the opinion of the 
writer Hansen has further handicapped himself 
by an undue reliance on absolute dates, taken 
considerably more confidently than their spon- 
sors the geologists intended, or should have 
intended. Thus, in the extremely important 
matter of the use of volcanic ash horizons for 
correlation between mountain ranges, the rela- 
tive time scale of events is first abstracted as an 
absolute chronology, a date being assigned to a 
volcanic explosion, and subsequently discovered 
phenomena are then fitted into the absolute 
sequence. 

Actually, there seems to be extremely little 
evidence that the ash found in the Washington 
profiles was derived from an eruption 6000 
years ago, while that derived from the destruc- 
tion of Mount Mazama was laid down 10,000 
years ago. The basis for the conclusion is that 
the Washington ash layer is related to Zone III 
in the pollen sequence, and Zone III, the post- 
glacial warmth maximum, is “dated” between 
4000 and 8000 years ago, while Mount Mazama 
pumice underlies a layer attributed to a dry 
interval. The danger of such a procedure is 
evident when we realize that Zone III is feebly 
or not at all developed in the Crater Lake 
region, where the Mount Mazama pumice oc- 
curs. Even if it were well marked, proof would 
be required that Zone III near Crater Lake 
was contemporaneous with Zone III in Washing- 
ton. The dating of Zone I, from 15,000 to 20,000 
years ago, inspires even less confidence, since 
it rests on nothing more tangible than a long- 
distance correlation, due primarily to Antevs, 
between the glacial chronology in Scandinavia 
and the pluvial chronology in the Great Basin. 

The outstanding importance of Hansen’s 
work consists in the demonstration that in 
parts of the region, notably in the Okanogan 
country where a pollen maximum of grassland 


10 Criticism of Hansen’s method of distinguishing 
species of pines and spruces by the sizes of their 
pollen grains has been made elsewhere (Deevey, 
1948a). othe 1 method as used may make it possible 
to record the occurrence of different species, but 
not to estimate their proportions in the pollen 
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species occurs, there was a relatively warm, 
dry interval during middle postglacial time. 
A maximum of oak pollen in the Willamette 
Valley seems to reflect the same climatic shift. 
The writer is not prepared to admit it as proved 
that this interval was contemporaneous with 
C2 in the eastern United States, though this is a 
reasonable working hypothesis. In most of the 
Pacific Northwest the postglacial climate has 
been so uniform, or the vegetation has been so 
interfered with by volcanic eruptions whose 
time relations between widely separated moun- 
tain ranges are problematical, that little can 
be made out of the pollen sequences." 

Postglacial animal stratigraphy.—It is an as- 
tonishing fact, for which academic overspeciali- 
zation must be held accountable, that, of all 
the botanists who have seen remains of micro- 
scopic animals in pollen preparations, scarcely 
any have attempted to identify them. Casual 
references to “chydorids”, “Cladocera”, “in- 
sect remains’’, and the like are numerous and 
especially exasperating to the zoologist scanning 
the pollen literature. A few workers have at- 
tempted to rectify this omission, which would 
have been inconceivable a century ago, but so 
far little of direct geographic importance has 
emerged. 

Mollusks, of outstanding importance in the 
Pleistocene stratigraphy of Europe, have also 
been given considerable attention in interglacial 
and loess deposits in North America. In post- 
glacial deposits, however, they are rarely re- 
ported, and the records come almost entirely 
from marl deposits of unknown age within the 
postglacial. As the marl usually underlies peat 
or a soil horizon, the molluscan fossils date from 
a relatively early stage in the limnological his- 
tory of the basin. Wide differences in time can 
be expected, however, because marl is a chemi- 
cally and bacterially precipitated deposit re- 
quiring a fairly high temperature for its forma- 


11 There is, perhaps, a third explanation for the 
uniformity of sen’s pollen diagrams, though one 


shrinks from pressing it too strongly. We know that 
the mechanics of pollen dissemination and preserva- 
tion are such as to act as an integrating machine on 
the surrounding vegetation, and it may be that, in a 
country so full of topographic and vegetational 
contrasts as the mountains of the West, climatic 
variations leading to shifts of ies up and down 
the mountains will disappear from pollen profiles 
as a result of too-successful integration. 
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tion (cold water can dissolve more carbonijetection. 
dioxide than warm, and therefore can retajgit, ay the 
more calcium in solution as bicarbonate), and@iicators ¢ 
the time of principal marl deposition, Varying fella magn 
as it does with the rate of postglacial warming, }vey, 1942 
is likely to be more directly dependent on the 
size of the basin. Thus in the small ponds jp Southeaste 
Holstein investigated by Tidelski (1929) may 
deposition was largely finished by the end of | Biogeog 
the Late-Glacial, but it was shifted to the early jreoonstru 
postglacial in the Grosser Pléner See in the same }during th 
region (Groschopf, 1936). When peat overlies fexisti 
the marl (and such sections are common ip 
glacial landscapes underlain by calcareous 
drift), it reflects limnological conditions yp- 
favorable for mollusks, and a complete post- 
glacial sequence of molluscan faunas is not 
likely to be obtained with a peat borer. 
Among the host of microscopic animal re 
mains found in practically all lake and bog de 
posits, Cladocera are ordinarily predominant, 
As many as 23 species have been recognized in 
the deposits of Windermere by Scourfield ji 
(1943), and shorter lists from postglacial lake 
deposits have been presented by Messiatzey 
(1924), and Deevey (1942b), while several 
species are mentioned from Allergd layers by 
Gross (1937). Though such occurrences are 
full of interest as illuminating some aspects of 
the limnological history of the basins, they are 
too widely scattered in space to throw much 
light as yet on the zoogeographic history of the 
Cladocera. Most of the species are holarctic 
in distribution and are not the best of ecologic 
indicators, while the distribution and ecology 
of the others are little known. Their small size, 
ease of identification as fossils, and almost uni- 
versal preservation in lake deposits, however, 
make them ideal material for the sort of sta- 
tistical studies that have been made with pollen 
grains, and much information of direct im 
terest to the Pleistocene geographer can be 
looked for from such work. Other animal micro- 
fossils of almost equal importance from this 
standpoint include statoblasts of fresh-water 
Bryozoa, which are preserved in large numbers, 
remains of Tendipedid (= Chironomid, midge) 
larvae, ostracods, mites, and sponge spicules. 
Tests of rhizopods, known to be common, and 
loricae and trophi of rotifers, which are not, 
will probably require special methods for their 
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Hictection. Among these animal microfossils are 


infmany that may be as good temperature in- 


sas the plants. The bryozoan Pectina- 


in | Southeastern United States During the Pleistocene 
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Biogeographic setting —When we attempt to 
reconstruct conditions in eastern North America 
during the Pleistocene from the distribution of 
existing plants and animals, we are confronted 
with a classic problem of biogeography—the 
occurrence of many types in eastern North 
America and eastern Asia, and nowhere else. 
Examples among plants are the genera Lirio- 
dendron (tulip tree), Liguidambar (sweet gum), 
Sassafras, and Mitchella (partridge berry); 
parallel cases among animals are the genera 
Alligator, Polyodon (spoon-bill sturgeon), Ag- 
histrodon (water moccasin), and the family 
Cryptobranchidae (hellbenders). These are not 
isolated examples, but particularly clear cases of 
disjunct distribution chosen for their familiarity 
to the general reader. With respect to most 
plant and animal groups other than birds 
(Mayr, 1946), eastern North America and east- 
em Asia have more in common with each other 
than they do with the opposite sides of their 
respective continents (Fernald, 1931; Schmidt, 
1946). 

There are various reasons for believing that 
the biogeographic connection implied by such 
disjunctions is old. Chief among these are the 
numerous instances where paleontologic evi- 
dence is available, showing that the present 
ranges are fragments of a formerly more con- 
tinuous distribution. We know, for example, 
that Alligator lived in Wyoming in the Mio- 
cene, when the Asiatic hellbender Megaloba- 
trachus lived in Europe. In the absence of such 
evidence the degree of taxonomic similarity 
proves that the connection antedated the origin 
of the existing species, and in some cases that 
of the genera. That is, eastern North America 
has families and genera in common with eastern 
Asia, and in many cases, e.g., Magnolia among 
plants and Eumeces (skinks) among animals, 
the two areas together contain most or all of 
the species. With a few exceptions, however, 
such as the tulip tree, Liriodendron tulipifera, 
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the skunk cabbage, Symplocarpus foetidus, and 
the Indian pipe, Monotropa uniflora, the species 
are not the same. The exceptions, which include 
no animals so far as the writer is aware, must 
be attributed to relatively low rates of evolu- 
tion, and not to more recent connection. In 
general, then, the biota of the southeastern 
United States is dominated by a large number 
of relicts of the Arcto-Tertiary forests, which 
had their floristic origin in the Cretaceous, 
were holarctic during the early Cenozoic, and 
gradually withdrew into the tropics in response 
to slow and interrupted cooling of the nothern 
continents. 

At first sight this whole fascinating story, 
admirably summarized from the botanical point 
of view by Cain (1944a), has little directly to 
do with the Pleistocene. Its implication, how- 
ever, is broader than anything considered so 
far in this review. In the first place, Pleistocene 
climatic changes were more drastic than those 
of the earlier Cenozoic and accelerated the 
extinction of some stocks and the permanent 
withdrawal of others into the tropics. In addi- 
tion, the present picture of Cenozoic climate 
and life suggests that the whole assemblage of 
species now living on the northern continents 
(and in the northern oceans) is of Pleistocene 
origin. It is difficult to see how cold-climate 
and cold-water stenothermal animals and plants 
can have arisen except under a climatic regime 
at least as glacial as today’s. Thus for a com- 
plete view of the biogeography of the Pleistocene 
one should really take into account the whole 
sweep of Cenozoic time, and discuss such in- 
teresting questions as whether polar ice caps 
were in existence during nonglacial epochs. 

Problems as broad as this, unfortunately 
cannot be properly considered here, and having 
recognized that they exist we shall have to be 
content with a nearer view of the Pleistocene. 
The reason for introducing the vegetational 
history of the Cenozoic at this point is that it 
seems to have been generally misinterpreted by 
Pleistocene biogeographers. Struck by the fact 
that the southern Appalachians have not been 
under water and not glaciated, and hence. have 
been accessible for plants, probably since the 
end of the Paleozoic, various writers (Fernald 
for example) have supposed that the old relict 
genera, most of which now occur there or have 
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their center of existing distribution there, have 
lived there continuously ever since they arose. 
This viewpoint springs to mind naturally if 
one takes a view of the geologic past that re- 
gards the whole Atlantic coastal plain as “often 
of very modern or Quaternary origin” (Fern- 
ald, 1931, p. 27). It is very doubtful, however, 
whether it is a safe viewpoint to adopt in deal- 
ing with existing species. Because it assumes 
that all distributions of old species are them- 
selves old unless demonstrably recent, rather 
than the reverse (which is the attitude of the 
present review), it relegates to the almost un- 
recoverable past problems that may in reality 
be Pleistocene problems. We shall have, then, 
to reopen the question of the suitability of the 
Appalachians as refuges for ancient species 
during glacial stages of the Pleistocene. 

Blueberries, blue flags, and salamanders.— 
The southeastern United States, including Flor- 
ida, is the home of a large number of types of 
peculiar distribution. Some of these, whose 
closest relatives are now found in eastern Asia, 
have been mentioned in the preceding section. 
Others, like the ericaceous shrub Befaria race- 
mosa (Camp, 1941), have their nearest relatives 
in Central America or South America, and this 
is a pattern to which many North American 
bird genera conform (Mayr, 1946). Not all, 
however, are archaic; many are interesting 
merely because of more or less great disjunction. 
We may now examine some of the details, in an 
effort to see whether the persistence of peculiar 
organisms in this region tells us anything about 
the region as a glacial refuge. Some of these 
cases, since they involve microtaxonomy, are 
as interesting on methodologic grounds as for 
the information they bring forward, and this is 
the reason for discussing them in what might 
otherwise seem unnecessary detail. 

The genus Vaccinium (blueberries), one of 
the most notoriously “difficult” of all genera, is 
beginning to yield to the keen eye of W. H. 
Camp (1942). We now realize that the chief 
source of the difficulty is extensive hybridiza- 
tion, combined with a tendency to form clones 
in which inbreeding is common. Apparently 
there are no sterility barriers between species 
having the same chromosome number, yet 
populations that seem to form “good” species 
are often found. Presumably they are kept 
apart by the patchy distribution of ecologically 


suitable areas (the soil must not be a J 
nor the shade too dense). A long evolution 
history in eastern North America is indicat 
not only by the number of basic diploid specie 
but by the occurrence of numerous tetraploj 
and some hexaploids. One of the tetraploid 
V. corymbosum, is particularly instructive: it iy 
mainly confined to the glaciated territory and 
shows evidence of synthetic formation in sever 
ways and in no one region. The species (alg 
tetraploids, and themselves products of a eg 
plicated history) that have contributed to the 
formation of V. corymbosum are V . arkans¢ 
now found in the Ozarks and the Mississipp 
Valley, V. simulatum of the Blue Ridge, and 
V. australe of the coastal plain.” Camp sup 
poses that in pre-Pleistocene time these three 
species had parallel but not contiguous 
essentially as today. The first ice advance 
truncated these ranges at their northern ends 
and led to the formation of a thoroughly mized 
population when the ice sheet retreated. With 
repeated glaciation the northern population w 
so “churned” genetically that a new and highh 
variable species resulted. It is now separated 
from its ancestors by different geographic fe 
tures of postglacial origin: from orkensanum 
by a wedge of prairie climate and soils, from 
simulatum by the return of dense deciduow 
forests, and from australe by the rise of sa 
level that has drowned the northern coast 
plain. 

This is no doubt an unnecessarily complicatel 
hypothesis; presumably one glacial age woul 
accomplish what seems to Camp to requin 
several. However, if the separation of th 
ancestral tetraploids from each other was als 
a Pleistocene event (which Camp does 1 
claim, believing it to have been accomplishe 
during the later “Tertiary”), then the separ 
tion must have been the result of a glacial ag 
earlier than the one that led to amalgamati 
and churning. 

Thus we have the paradox that the simplet 
hypothesis of age requires two glacial ages 
account for the facts, while Camp’s more elabe 
rate view requires only one. As the vital poiat 
at issue is the age of the tetraploids as specity 


The absence of distribution maps is 
felt in reading Camp’s papers, but his studies bar 
not progressed far enough to permit their constr 
tion. 
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ine ther than the age of their distribution, it is 


not too much to hope that fossil evidence may 
ultimately be forthcoming. 

The point that bears most importantly on 
our main problem is this: While the inter- 
mingling of species during the Wisconsin stage 


‘itis that led to the final synthesis of corymbosum 
Hf could have taken place anywhere along the 


porder of the Wisconsin ice, the fragmentation 
of ranges that led to the production of the older 
species, assuming it also to be of Pleistocene 


4 age, implies a considerable history of Pleistocene 
geographic changes deep in nonglaciated terri- 


tory. 
The case of Iris versicolor (Anderson, 1936) 
js also instructive. This, also, is a new species, 


"I chielly confined to glaciated ground, whose 


AGF ancestors can be pointed out with confidence. 





8 Evidence of allopolyploidy has proved invalu- 
MGS} able here; one of the parents of versicolor 
A (chromosome number 108) is J. virginica var. 


Shreve (chromosome number 72), ranging from 
the coastal plain through the northern Ap- 
palachians and overlapping the range of versi- 
color. The other is one of the western blue 
flags, I. setosa (chromosome number 36), but 
close study of taxonomic characters showed 
that the parent could not have been the iso- 
lated eastern subspecies, J. setosa var. canaden- 
sis, but must be an unknown subspecies. This 
plant then turned up in the region predicted, 
the nonglaciated region of central Alaska, and 


# was named J. setosa var. interior. Distribution 
® maps of the blue flags are given in Figure 13. 


Anderson reaches two conclusions of bio- 
geographic importance: (1) that versicolor was 
synthesized when Pleistocene glaciation mingled 
the populations of setosa var. inierior and 
virginica var. Shrevi, presumably along the 
margin of the Wisconsin ice sheet in Minnesota 


"©§ and North Dakota; (2) that the present ranges 


of inlerior and canadensis are relict, some 
populations having survived the last glacial 
age in the regions where they are now found. 
The second conclusion, so far as it is based on 
the distribution of canadensis, is an outgrowth 
of Fernald’s nunatak hypothesis, and will be 
discussed below in that connection. The first 
conclusion is doubtless sound, but it seems not 
to go far enough. For one thing, one has the 
impression, not susceptible of proof at present, 
that more than one glacial age may be required 


to account for the remarkably great distance 
between the present ranges of the parent 
species. There is little hybridization between 
versicolor and virginica where their ranges over- 
lap, partly owing to difference in time of flower- 
ing; why does sefosa not overlap also? For an- 
other, virginica is itself a polyploid, and it would 
seem, as in the case of the tetraploid species of 
Vaccinium, that the Pleistocene history of the 
southeastern United States was more compli- 
cated than is implied by a simple hypothesis of 
amalgamation along the Wisconsin drift bor- 
der. 

Hairston and Pope (1948) have reported an 
interesting taxonomic situation with similar 
implications in the salamander genus Pletho- 
don. Eastern North America is the headquarters 
for existing salamanders: 7 families, 20 genera, 
and 62 species occur there, whereas no other 
large area contains more than 3 families (Dar- 
lington, 1948). While salamanders are an ar- 
chaic group, the plethodontids or lungless sala- 
manders are highly specialized and relatively 
advanced. If they were originally adapted to 
live in mountain streams, and have subse- 
quently become terrestrial, as herpetologists 
believe, their deployment in the southeastern 
United States implies recency of evelution, as 
the large number of salamander families im- 
plies a long evolutionary history for the area 
as a whole. Thus one may suspect that some of 
the genera are of Pleistocene origin, as the 
species almost certainly are. 

The distribution of the P. jordani species- 
group (Fig. 14) is one characteristic of in- 
cipient geographic separation: three full species 
are recognized—P. jordani, P. metcalfi, and 
P. shermani. The last has apparently four in- 
completely isolated subspecies, melaventris, ra- 
bunensis, shermani, and clemsonae. Hairston 
and Pope believe, partly on distributional 
grounds, that the ancestral species is P. yonah- 
lossee, though other workers have assumed it to 
be the widespread P. glutinosus. They suppose 
that yonahlossee was first separated from the 
prototype of jordani by the carving of the valley 
of the French Broad River, and that further 
isolation of jordani from the other two species 
was accomplished by similar physiographic 
means. Clemsonae, the only form found at low 
altitudes on the margin of the Piedmont, is 
regarded as a relict, though it is not clear of 
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FiGurE 13.—RANGEs oF Iris setosa, I. virginica, AND THE SPECIES DERIVED FROM THEM, /. versicolor, 
RELATION TO CONTINENTAL GLACIATION 


From Anderson (1936, Maps. 1-3). 


what, and its distribution is compared with 
that of the plant Shortia galacifolia. Shortia, 
however, has its other three species in eastern 
Asia, is a relict of the Arcto-Tertiary forest, 
and probably has nothing directly to do with 
P. s. clemsonae, as it is a much older species 
(Cain, 1944a). . 

It is not easy to see how species that return 
to streams to breed, or whose immediate an- 
cestors have done so, can become isolated by 


the incision of streams into a plateau. It see 
far more likely that Pleistocene climatic chan; 
have been at work in the differentiation of 
plethodontids, and that the geographic isd 
tion required for speciation was a result 
glacial chilling of the uplands where the 
species are now found. The complicated p 
tern of speciation in the genus Desmognal 
(Hairston, 1949) certainly becomes more i 


telligible in the light of this hypothesis. Marg 
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over, the distribution of P. jordani suggests at 
Jeast two glacial ages, although, as in the cases 
described from the Alps, proof is lacking. If 
one glaciation drove the ancestral P. glutinosus 
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FicurE 14. Pon Cen ae OF THE Plethodon jordani GROUP IN THE SOUTHERN AP- 
PALACHIANS, WITH THAT OF THE SUPPOSED ANCESTOR, P. yonahlossee 

A third species and possible ancestor, F. glutinosus, is widely distributed in the eastern United States. 

From Seen « and Pope (1948, Fig. 11). 





farther south, and gave rise to -yonahlossee 
and the proto-jordani, the former perhaps iso- 
ted in the Piedmont, the latter in the upper 
icolor, UBTennessee valley, one could account for the 
divergent opinions of taxonomists as to which 
species is ancestral to jordani. The answer, 
en, would be “both and neither”; the common 
sggrucestor, presumably close to glutinosus, is 
1 of fe tinct. In an interglacial age both yonahlossee 
nd proto-jordani doubtless recolonized the 
higher altitudes and may or may not have met 
in the process. A second glaciation then shat- 
ed wae the range of proto-jordani, giving rise to 
I!) shermani, which recolonized the upland 

om the Piedmont and differentiated in the 
process; (2) jordani, which retreated into the 











Great Smokies in postglacial time; and (3) 
metcalfi, whose exact origin is obscure, but 
which could perhaps have been derived by 
hybridization of some jordani population with 


glutinosus. Some overlapping of ranges has 
taken place postglacially, wherever reproduc- 
tive isolation had gone far enough to permit it; 
metcalfi almost fully overlaps with yonahlossee, 
but the most extensive apparent overlapping 
is with glutinosus, which however generally 
occurs at lower altitudes than any of the other 
forms except clemsonae. Possibly glutinosus has 
reinvaded the South since the xerothermic in- 
terval. 

Such a view is of course no more than an out- 
rageous speculation. But a theory of this kind 
seems to the writer at least as probable as one 
that supposes that populations of migratory ani- 
mals are like plateau remnants, and can readily 
be sundered by the dissection of an upraised 
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peneplane. Moreover, though cases like this 
do not prove anything about Pleistocene cli- 
mates, and though it may seem that a strict 
application of Occam’s razor must exclude 
complicated hypotheses invoking the Pleisto- 
cene until existing geographic barriers have 
been ruled out as causative agents in specia- 
tion, what we do know about Pleistocene cli- 
matic changes in various parts of the world sug- 
gests that to consider distribution without 
taking them into account is unrealistic, logical 
though it may be. 

Endemism.—To some biogeographers the oc- 
currence of large numbers of endemic species 
in the southeastern United States has provided 
an argument for long-continued development 
of this region as a habitat. Stated in this way, 
the argument is certainly correct. But when 
the corollary is presented, that this fact is incon- 
sistent with a picture of extensive climatic and 
other geographic changes in the region during 
the Pleistocene, then one must raise the ques- 
tion, “what sort of endemics?”’ Some endemics, 
epibiotics in Cain’s terminology, like the alliga- 
tor and the sweet gum, widely separated from 
their nearest relatives, are undoubtedly of an- 
cient origin, though their occurrence in a given 
region does not prove either (a) that they have 
always been there, or (b) that the species itself 
is ancient. But other endemics, like Iris versi- 
color or Plethodon shermani clemsonae, which 
are clearly of recent origin, can certainly not 
be used to prove continuous existence of a stock 
in a uniform habitat. Rather they point in the 
other direction, toward the Pleistocene as a 
time of diversification of geographic conditions, 
a time when ranges were fragmented, small 
populations were segregated from their rela- 
tives, and new species arose as a consequence of 
isolation sometimes followed by hybridization. 
For this reason the occurrence of numerous 
endemics in the southeastern United States or 
elsewhere is meaningless from the standpoint of 
Pleistocene geography until the character of 
their endemism has been further analyzed. 

Endemism in this general region has long 
been known among fresh-water animals, as 
well as among plants (Adams, 1902; 1905). For 
example, the fresh-water mussel genus Quin- 
cuncina, with several species, is restricted to the 
Gulf drainage in Georgia, Florida, and Ala- 
bama (Van der Schalie, 1940). Nothing is said 
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of its affinities beyond the statement that j 
seems to be related anatomically to Fuscongj 
and hence “may have come originally from theif full acc 
west”. Endemism, however, even when repeated zhansky 
in several genera within the same restricte/§ Partic 
locality, does not prove pre-Pleistocene origin, repeated 
as is plain from the recent work on the fauna off during t 
Lake Waccamaw, North Carolina (Hubbs andf second — 
Raney, 1946). This lake, at an elevation of 6§ points c 
feet, and therefore under the sea when thef side the 
Surry scarp was built (Yarmouth Interglacial? § nothing 
Flint, 1940), has four endemic species of fish, first. Bu 
distributed among as many families, in addi f the sequ 
tion to at least one mollusk, a mussel. These sidering 
endemics are not of northern origin, as are some} strains i 
of the interesting copepods reported from North? ABCDE 
Carolina by Coker (1938), but are related to§ BCDI, t 
more widespread species occurring in the samef third, ar 
region today. i 
Method of overlapping inversions—The ge 
netics of Drosophila, an animal whose advant- 
ages for research are too well known to requir 
discussion here, has yielded a method for th 
exploration of micro-systematics that deserve 
close attention from biogeographers. It is gen- 
erally admitted that the large, relatively widely 
distributed population that the taxonomist m§ cidence i 
gards as a species is actually composed d§study of 
many smaller populations having different ge phylogen 
netic constitutions. This is one source of thf extremel; 
morphologic variability that has proved sf difference 
troublesome, especially ;in so-called “difficult’§ nately the 
genera. Not only may the actual genetic struc§ tion, as ir 
ture differ between populations, however, sfthe first ; 
so that a given gene varies in frequency begthe first, 
tween segments of the species, but even if al§ However, 
genes were universally distributed through th§sort can 
species population we know that their linea§{somes wil 
arrangement on the chromosomes may differ the choic 
Extensive rearrangements of substantially t§ The me 
same genes characterize certain closely related gene arra: 
species, such as D. pseudoobscura and D. peginserting : 
similis, which are nevertheless good speciéifand stud) 
usually because successful interbreeding is piegwas origir 
vented by sterility barriers accompanying ttgof giant cl 
rearrangement. Even within the species sudifof the lar 
rearrangements are now known to be extensivigmakes it , 
and sterility barriers may be as severe bei angem« 
strains of the same species as they are b the vi 
different species. Rearrangements arise genes, In 
a piece of a chromosome is broken out and laifheterozyg, 
(deficiency), transferred to another chromos loops, cor 
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that if (translocation), or replaced in its original posi- 
condition after end-for-end reversal (inversion). A 
mm thi full account of this subject is given by Dob- 
shansky (1941). 

trictel# Particularly important in this connection are 
origin, # repeated inversions of the same chromosome 
una off during the history of the population. When a 
bs and§ second inversion occurs, with the breakage 
| of 65 § points coming either both inside or both out- 
n thef side the breakage points of the first inversion, 
acial?, § nothing can be said about which inversion came 
f fish,§ first. But when successive inversions overlap, 
| addi f the sequence can be determined. Thus, con- 
These§ sidering (with Dobzhansky, p. 91) three 
esomelstrains in which the gene arrangements are 
North} ABCDEFGHI, AEDCBFGHI, and AEHGF- 
ted to§ BCDI, the first and second, and the second and 
e same third, are related to each other by a single in- 
version; either could arise from the other, and 
he gefwhich is called “standard” and which “in- 
dvant-§ verted” will depend on which was first encoun- 
require § tered by the geneticist. But the first and the 
for the§ third must be related to each other only through 
sservesg the second, as any alternative hypothesis in- 
is get-@ volves not only four simultaneous breaks in- 
widely§ stead of two, but an improbable degree of coin- 
uist rM cidence in rearrangement. The result of close 
sed ai§study of gene arrangements, then, may be a 
ent ge™ phylogeny of chromosome consiruction that is 
of thBextremely useful in the absence of morphologic 
yed differences among the populations. Unfortu- 
nately the phylogeny can be read in either direc- 
tion, as in this example one cannot say whether 
the first arose from the third or the third from 
the first, or whether both arose from the second. 
However, the fact that rearrangements of this 
W¥sort can occur independently in all the chromo- 
ig somes will sometimes make it possible to restrict 
the choice among alternative phylogenies. 

The method would be excessively laborious if 
gene arrangements could be established only by 
inserting mutant (“marker”) genes in the stock 
and studying their behavior in inheritance, as 
was originally done. Fortunately the discovery 
of giant chromosomes in the salivary gland cells 
of the larval Drosophila (and some other flies) 
makes it unnecessary to go to such lengths, for 
angements of bands in these chromosomes 
the visible counterparts of arrangements of 
genes. Inversions can be detected in larvae 
heterozygous for them by the occurrence of 
loops, configurations made necessary when 
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homologous chromosomes pair in the region 
where one member of the pair is inverted. 

So far the chief results of the method of over- 
lapping inversions have been to show biologists 
the astonishing amount of genetic variability 
underlying the concept, “species”, and to em- 
phasize the importance of geographic isolation 
in the evolution of new species. As a device for 
the systematic exploration of the Pleistocene 
and postglacial history of a species, it has been 
applied primarily to Drosophila pseudoobscura 
populations in the basin-and-range country, as 
discussed in a later section. A certain amount 
of information, vague and unsatisfactory at 
present, but bearing on the southeastern United 
States, has recently come from an application of 
the method to populations of D. robusta (Car- 
son and Stalker, 1947). This is a woodland 
species, whose history is presumably tied up 
with that of the deciduous forest in which it 
lives. Moreover, it is a member of a species 
group whose members, so far as known, are con- 
fined to the eastern United States and Japan. 
It is interesting, therefore, to learn that 

“Tf the range of the species is divided into three 
general regions, the northern glaciated area, the 
central area which has been continuously habitable 
to flowering plants since the Cretaceous, and the 
coastal plain, it will be found that, of the 14 widely- 
distributed arrangements, there is a median num- 
ber of about 12 arrangements per locality in the 
central area. This may be compared to medians of 
9 arrangements in localities from both the glaciated 
area and the coastal plain” (p. 130). 

While this certainly points to the “central 
area” as a glacial refuge, it does not point to 
any particular part of the region as more favor- 
able than another. For full use of this promising 
method it will be necessary to understand more 
about those gene arrangements that seem to be 
narrowly localized, and are not included in the 
discussion quoted above. 

Persistence of plant communities on the Schooley 
peneplane.—In a series of papers, summarized 
in 1947 and in her forthcoming book, Deciduous 
forests of Eastern North America, E. Lucy Braun 
has argued with great skill for the view that the 
Pleistocene glaciations had a very limited effect 
on the vegetation south of the drift border. Miss 
Braun’s opinions deserve careful consideration 
for they take account of the distribution of com- 
munities, to which she has devoted many years 
of thoughtful study, as well as the distribution 
of individual species. To her, as to most ecolo- 
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gists, the disjunct occurrence of a whole or- 
ganized community is far more significant in 
reconstructing the history ofa flora than the dis- 
junct occurrence of a single species, which may 
be the result of an accident. The writer thinks 
this outlook, which also distinguishes the work 
of Gleason and Raup, for example, from that of 
Fernald, though highly meritorious, must be 
applied with caution. Its basis is the belief that 
an event that occurs once may be an accident, 
but that when it occurs many times there must 
be some more general explanation. But the mi- 
gration of communities is more than a statisti- 
cal matter, and to think of it as a concatenation 
of statistically improbable events may be mis- 
leading. There is abundant reason to think that 
in the invasion of new habitats a given species 
arrives when, and not until, the ecologic condi- 
tions are suitable for it. These ecologic condi- 
tions include the necessarily prior arrival of 
species belonging to a community of lower suc- 
cessional rank; they may also include the simul- 
taneous arrival of another member of the same 
community. Thus, when dominant and asso- 
ciate species arrive together in a new. region 
habitable for the community, the probability of 
their doing so is not necessarily the product of 
the probabilities of arrival of each species taken 
separately. The laws governing the migration of 
the community need be no more statistical than 
the laws governing their occurrence together in 
the original habitat. That the latter may also 
be statistical, like the laws of physics, is not 
denied, though ecologists are far from under- 
standing the principles of ecologic association. 
The point is that, when we find integrated seg- 
ments of a community in places disjunct from 
the main range of the community, we have to 
ask whether the component species could have 
migrated in any other fashion. 

These considerations apply forcefully to Miss 
Braun’s treatment (1937b) of the problem of 
coastal plain disjunctions in the interior of the 
Appalachians, where plants of open, dry coun- 
try, including some grassland species, come 
largely in question. The problem is a remarkable 
one, as is discussed in a later section. But the 
occurrence together of ten coastal-plain species 
(Braun, 1937a) is by no means m?° times as re- 
markable as the occurrence of one of them. The 
same kind of argument seems to be implicit in 
the contention that glacial climates cannot have 
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been very effective in the southeastern Unj 
States, because segments of communities 
persist on unreduced fragments of the Schog 
peneplane. In taking this position Miss Brayy; 
following Fernald (1931), who regarded 
peneplane as of Cretaceous age. 

In discussing the climax-forest commy 
of the Appalachian heartland, the mixed, 
phytic forest, Miss Braun calls attention (194) 
p. 215) to three features: 
coc in thoes pluses wise the Scheongn 
was never saineted. namely on oy: mberlang 
Mountains, along the western edge of the Cup 
land and southern Allegheny plateaus, and in ¢ 
of the southern Ap hians. 

“2. Mixed mesophytic forest prevails over 
great area where the upland levels represent 
sm sl Schooley — - hip = no 
ee hall ce tae a hea cnalachill 4 

ian Plateau. 

“3. Relic disjunct mixed mesophytic forest ¢ 
munities occur almost everywhere that iso 
remnants of the Schooley peneplain are foun¢ 
cept to the east of the Allegheny and Cumberi 
fronts.” 

When to this evidence one adds the facts ( 
that many of the important species and 
mixed deciduous forest itself stop at the glad 
boundary, and (2) that “the mixed decid 
forest ... is as rich in species in all layersn 
(not at) the glacial boundary as it is 200 m 
farther south” (p. 217), one has the essence 
Miss Braun’s case. The last two points are 
course in no way decisive. There are m 
ecologic factors, including those of climate 
well as of soils and topography, that might g 
rise to a break in plant distribution at thet 
der of the glaciated territory. As the commit 
ties of the formerly glaciated tracts must hay 
drawn their species from glacial refuges 
south by way of a selective migration, it is to 
expected that some species will not have parti 
pated in the migration, while others will 
contributed to the formation of communili 
of different aspect on the newly occupl 
ground. Thus the occurrence of certain dill 
communities, such as the beech-maple fo 
the hemlock—white pine—northern hardwe 
forest, and the maple-basswood forest, in 
northern states and their replacement soul 
ward by floristically richer communities can 
us nothing of the character of the southea! 
United States during the Pleistocene, exo 
that the region sheltered a large pool of spediegoccurrenc 


ire a ¢ 
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The arresting idea that these southern com- 
~ynities have persisted essentially unchanged 
tell since the Schooley peneplane was developed 
mig (Miocene?) is more difficult to dispose of. To the 
writer it seems highly unlikely, but this does 
not disprove it. It can be challenged, however, 
from two directions, as having an internal weak- 
ness and an external improbability. As to the 
latter, the scanty fossil evidence of Pleistocene 
gicial climates in the southeastern United 
A States seems to the writer, though of course not 
to Miss Braun, to be against it; this is discussed 
further in the following section. The internal 
weakness, on the other hand, is apparent if we 
put the case like this: (1) Some species, more 
or less widely disjunct from their main range, 
are found on summits regarded as monadnocks 
ona Miocene erosion surface, or as belonging to 
“Ta rugged country not completely base-levelled 
CoM in the Miocene. (2) They belong to genera 
known from fossil evidence, or inferred with a 
high degree of probability from distributional 
evidence, to be old, at least as old as the 
Miocene. (3) Species of these old genera must 
have persisted somewhere in the vicinity since 
the Miocene. (4) There is no evidence that the 
existing species are not the same as the old 
species, or that they have a different range now 
from what they had in the Miocene (though the 
range is obviously restricted, it is restricted to 
part of the original whole). (5) Several of these 
species are known to occur together in the same 
small region, or in the same community, reduc- 
ing the probability that any one occurrence is to 
beexplained as an accident. Therefore, (6) these 
old species still occupy residual fragments of the 
Schooley peneplane or resistant knobs that 
stood above it, and have remained there while 
the peneplane was uplifted and dissected. 
e parti Point (2) has been sufficiently discussed else- 
will here in this review, and it should be clear that 
munitiggthe age of the genus has no bearing on the age 
occupiagof the species, and that the age of the species has 
n climagno necessary relation to the age of its present 
le forsigdistribution pattern, though point (3) is readily 
dwooigetanted. Point (4) is based entirely on negative 
t, in tievidence. Point (5) is valid, insofar as it means 
that repeated occurrences of the same sort re- 
ae quire a common explanation, but as remarked 
above one’s astonishment need not-increase by 
jecometric progression with the number of such 
occurrences. Weaknesses like these are inevit- 
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able in any biogeographic argument, and it is 
perhaps unfair to single them out here. But if we 
look closely at point (1) we are entitled to ask 
whether all species known or suspected to be of 
equally great age show the same distribution 
pattern, or one derivable from it. The species 
believed to have existed on the low-lying Mio- 
cene erosion surface, in other words, ought 
either to be confined to residuals of that surface 
or to have spread out subsequently; they ought 
not to avoid peneplane remnants. But this is 
just what some of them do; against Stuartia 
malachodendron and S. pentagyna, American 
species of an otherwise Japanese genus, confined 
to Schooley remnants, we may balance Shortia 
galacifolia, confined to a low area at the inner 
edge of the Piedmont. Against Buckleya dis- 
tichophylla, cited as an ancient northern outlier 
of a tropical family and having the required dis- 
tribution in the eastern United States, we may 
balance the fern Schizaea pusilla, equally old 
and equally southern, but virtually confined to 
glaciated territory (Fernald, 1931). When we 
also learn (Braun, 1937b) that the remarkable 
colony of ten coastal-plain disjuncts on an un- 
dissected portion of the Cumberland Plateau is 
accompanied by northern species, elsewhere 
rather rare in the region, and that northern and 
coastal-plain plants often occur side by side, 
it seems that some of these “old” species have 
been selected to bolster a case, and that the 
case is accordingly not compelling. On the evi- 
dence presented, therefore, regardless of external 
improbability imposed by our (admittedly frag- 
mentary) knowledge of Pleistocene climates in 
this region, or the inherent unlikelihood (as it 
seems to the writer) that plants remain on a 
patch of ground while the ground is uplifted by 
hundreds of feet and deep valleys are cut all 
around, Miss Braun’s argument seems un- 
acceptable. Presumably, then, certain old and 
certain younger species happen to occur on up- 
lands coinciding with the unreduced parts of 
the Schooley peneplane simply because they 
find there (and nowhere else in the near vicin- 
ity) the environmental conditions suitable for 
them. These conditions doubtless include the 
rocks that have defended the remnants from 
erosion and the soilsformed from those rocks, as 
well as the climatic conditions resulting from 
increased elevation. 

How effective were glacial climates south of the 
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drift border. —Another line of evidence that might 
repay investigation in this connection is that 
derived from the distribution of pairs of sub- 
species of mammals and birds. In Europe, it 
will be recalled, a familiar and important pat- 
tern is a dicentric one, in which eastern or south- 
eastern forms are separated from western or 
southwestern forms, not by any existing geo- 
graphic barrier, but by a zone of hybridization. 
The presumption is, in the case of the crows, for 
example, that glaciation isolated fragments of 
the species population in southeastern and 
southwestern refuges, in which differentiation 
did not proceed long enough to keep the sub- 
species apart when they came into postglacial 
contact. Not much can be learned from this pat- 
tern, of course, beyond the obvious deduction 
that the central part of Europe was glaciated, 
i.e., uninhabitable by the species during the iso- 
lation. In North America, however, where there 
is doubt in the minds of some that the central 
region was uninhabitable for many species that 
now live there, repetition of the same pattern 
might serve to dispel some of the doubt. 

There is little question that the same pattern 
recurs in the southeastern United States, but 
it is not always easy to discern it in the taxo- 
nomic monographs. When a species occupies vir- 
tually the whole of North America it is likely 
either to be broken up into many subspecies, 
like the song sparrow and the fox sparrow, or 
else to show no systematic geographic differen- 
tiation, like the green heron and the black- 
crowned night heron. The latter case is perhaps 
less frequent than the former, certainly among 
mammals. But the taxonomist is no longer sur- 
prised to find differentiation into subspecies, 
and realizing that North America is a big and 
highly diversified country he is likely to look for 
and to find existing ecologic barriers that seem 
to account for the differences. Occurrence of 
different subspecies on the Atlantic coastal 
plain, in the Appalachians, in the Mississippi 
valley, in the Great Lakes region, etc., does not, 
on the face of it, call for Pleistocene isolation. 
That Pleistocene isolation was none the less in- 
volved is seen in certain well-analyzed cases. In 
the grackles, for example (Chapman, 1936; 
1940), three subspecies are recognized: Quwis- 
calus quiscula quiscula, the Florida grackle; Q. g. 
aeneus, the bronzed grackle of the interior, rang- 
ing from Texas to Newfoundland and to Great 
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Slave Lake; and Q. g. stonei, the purple grackh 
occurring from South Carolina north to 
York on the coastal plain and along the Ap 












































lachians. No geographic barrier separates gg 1 ®PP 
bronzed from the purple, but there is a zone gy ¥* ve 
hybridization, quite broad in Louisiana, and gf st of 
various places along the contact puzzling inte 922! 4 
mediates occur, including one called Q. g, ig 2° F 
wayi. The purple is regarded as an offshoot frog ™ the 52 
the Florida, while the bronzed would be ogg ‘hat whi 
sidered a separate species were it not for theing 9 the 
termediates. Pleistocene isolation in refuges; walrus ¢ 
Florida and Mexico is clearly indicated, South Ca 
hypothesis leaves untouched the question gg ‘ndiagr 
how the purple arose from the Florida," but tig 15: fe 
main point is obvious: a species that now breeky SPM 22 
as far north as Great Slave Lake evidenthy S%6™Ph 
found the southeastern United States unfavong that thet 
able during glacial ages of the Pleistocene, along the 
retreated still farther south. Abies fras 
Another example in the Crotalus atrox (dag Y% 72: 
mond-back rattlesnake) group is given by Gk River blu 
(1940) and is also discussed by Mayr (194) #4 the s 
The Florida subspecies or species, ada 1938) in| 
does not come in contact with the central fon admits, ? 
atrox, in the lower Mississippi Valley, the climates, 
atrox behaves as a good species where it hag "¥Y &F 
come in contact with a Pacific coast fom °fuviat 
ruber, in the San Diego region. There are mam for the n¢ 
apparently western species that have iso arises. Co 
geographic representatives in Florida, includ of spruce 
the Florida jay (Aphelocoma caerulescens), tem ‘ppalachi 
Florida burrowing owl (Speotyto cunic markable 
floridana) (Chapman, 1935), and a pocket which now 
pher (Geomys tusa group) (Miller, 1924), and In other 
course there are still more species with an “eatg ™* than 
ern” and a “western” form, such as fy % It is 
meadowlark and the red-shafted flicker, tig * condi 
may or may not show intermediates along have preva 
zone of contact. In most cases of the latter during gla 
the boundary between the two forms is conditions 
Mississippi lowland or the one hundredth merit ** that cli 
ian, and the question of Pleistocene isolati biota mar 
in separate refuges accordingly does not tary preci 
But it is particularly instructive to leam ¢ Pleistocene 
conies (Ochotona), now confined to the hig Pe tree, 
peaks of western North America (and Asia), ed with 
known from Pleistocene deposits in Penns ak ioe 
vania and Virginia (Hay, 1923). If some Way siesta 
re : ial in Louisian: 
3 The speciation of the grackles is receiving@g 4, Winters 








ther study by C. E. Huntington. 
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still left on Mt. Washington, we should see 
ata glance that North America and Europe 
areessentially alike in their dicentric pattern. 

It appears, then, that the scanty information 
we have from fossils showing the climatic char- 
acter of the southeastern United States during 
gacial ages of the Pleistocene, and the much 
more copious data on the modern biogeography 
of the same region, are not in conflict. We know 
that white spruce, larch, and arbor vitae grew 
near the Gulf coast in Louisiana, and that the 
walms occurred as far south as Charleston, 
South Carolina (Hay, 1923). We know that pol- 
len diagrams from nonglaciated Pennsylvania to 
Tems, few though they are, invariably show 
| spmce and fir at their bases. From modern bio- 
geography, without stratigraphic data, we know 
that there are “northern disjuncts” not only 
along the Appalachian chain (such as the fir, 
Abies fraseri) but in the Deep South (such as the 
yew, Taxus floridana, on the Appalachicola 
River bluffs in northern Florida (Braun, 1947), 
and the staghorn sumac, Rhus typhina (Brown, 
1938) in the Tunica Hills of Louisiana. If one 
admits, with Miss Braun, only “slightly cooler 
dimates, [as well as] lack of competition on 
newly exposed Pleistocene coastal terraces and 
onfluviatile deposits” (1947, p. 216), to account 
for the northern infiltration, another difficulty 
arises. Cooling sufficient to permit the growth 
of spruce and fir forests on the summits of the 
Appalachians should have wiped out the re- 
-§ markable relicts of the Miocene flora, some of 
which now occur on some of the same summits. 
In other words, the cooling must have been 
more than “slight”’, at least during one glacial 
age. It is undeniable that during interglacial 
ages conditions at least as warm as today must 
have prevailed throughout this region, and even 
during glacial ages it is not argued that tundra 
conditions held sway along the Gulf of Mexico, 
um ot that climatic zones and their accompanying 
biota marched and countermarched with mili- 
4 tary precision from Mexico to Canada. The 
Pleistocene deposits of Louisiana also contain 
tulip tree, sweet gum, tupelo, and magnolia 
along with the northern conifers, and an analo- 
gous mixture characterizes the mollusks (Rich- 
ards, 1938). Such a mixture implies a lessening 
of seasonal climatic differences, the summers 
in Louisiana being cool enough for spruces while 
the winters were still warm enough for mag- 
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nolias. But taking all the facts together it seems 
to the writer that glacial chilling in the south- 
eastern States must have been fairly extensive, 
and that the warmth-loving species, including 
many or perhaps most of the “Miocene relicts’’, 
survived in peninsular Florida and in Mexico, 
and have subsequently migrated to their present 
localities. 


Glaciated Eastern North America During 
the Pleistocene 


Northern relicts —Whatever one thinks of the 
Darwinian notion of glacial refuges and post- 
glacial expansion as applied to nonglaciated 
regions, such as the southeastern United States, 
there is little disagreement as to its essential 
correctness for the glaciated territory. The re- 
treat of the ice sheets from south to north must 
have been accompanied by a re-expansion of 
species to “seize on the cleared and thawed 
ground,” and, while some of the tundra forms 
of the first wave of migration are now confined 
to the Arctic regions, others have been stranded 
on the tops of high mountains and in other 
“northern types” of habitat, resulting in the 
familiar arctic-alpine or boreo-alpine distribu- 
tion pattern. Boreal relicts are well known from 
the alpine zone of Mt. Washington (Antevs, 
1932), Mt. Marcy (Adams and others, 1920), 
and other high mountains of the eastern States, 
and it is customary to find species whose main 
range is in the northern States and southern 
Canada sending a long tongue down the Ap- 
palachian chain at comparatively high alti- 
tudes. Of course northern relicts occur even 
farther south: beeches are found in the high- 
lands of Mexico and Guatemala (Sharp, 1946), 
as are species (exannulatus and aduncus) of the 
boreo-alpine moss genus Drepanocladus 
(Wynne, 1944), while crossbills live in what are 
essentially patches of northern coniferous forest 
in the upper ranges of Hispaniola (Wetmore 
and Swales, 1931; Marie-Victorin, 1943). Still 
farther south, in the Chilean cordillera, are a 
few outliers of clearly northern genera, such as 
the crowberry, Empetrum, a Drepanocladus (D. 
uncinatus), and a few others (Cain, 1944a), 
giving the bipolar pattern that is generally 
found within a genus rather than within a 
species, and that is commoner among plants 
than among terrestrial animals (Berg, 1933). 
These are extreme, rare, and highly interesting 
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examples of a situation so familiar in the 
northern States as almost to escape notice. 
The farther north one goes, in other words, the 
more the biota is dominated by “northern 
relicts,” but, as the degree of possible disjunc- 
tion necessarily diminishes, a given species 
becomes less likely to be thought of as a relict. 
Thus the taxonomic monographs will list with- 
out comment as occurring in “Connecticut” a 
species known only from peat bogs at high alti- 
tudes in Litchfield County, and whose nearest 
stations are in northern Massachusetts. 
Northern relicts are particularly banal in the 
fresh-water fauna of the northern States—i.e., 
the States to which deep lakes are largely re- 
stricted because of absence of glaciated terrain 
elsewhere. The hypolimnion of nearly every lake 
in eastern North America with a mean depth 
greater than about 50 meters provides a refuge 
for northern stenothermal species that has 
persisted virtually unmodified since late-glacial 
time. In the absence of lakes comparable to the 
Alpenrandseen, situated far south of the Scan- 
dinavian Ice Sheet in central Europe, the dis- 
junctions in the North American fresh-water 
fauna are not so spectacular and the number of 
species involved is smaller; moreover there is 
less temptation to suppose that some of the 
species may have survived im situ during one 
or more glacial ages. However, just as in Europe 
(summary in Zschokke, 1900), there are many 
crustaceans, turbellarians, insects, and core- 
gonid and salmonid fishes that are widely dis- 
tributed in the arctic and subarctic regions and 
that are of more or less disjunct occurrence in 
the northern United States. Some of these also 
show clear evidence of direct marine origin; 
their distribution here proves the point, rather 
difficult to prove in Europe, that though the 
species is doubtless descended from marine an- 
cestors living in late-glacial seas that were 
gradually transformed to fresh-water lakes, it 
is now a fresh-water species and has been able 
to migrate postglacially. Pontoporeia hoyi and 
Mysis relicta dominate the deep-water crusta- 
cean fauna of all the Great Lakes and are not 
confined to lakes that are genetic descendants 
of the Champlain Sea, while Mysis now oc- 
curs in Green Lake and Trout Lake, Wisconsin. 
Some of these species, land-locked perhaps since 
late-glacial time but in lakes that were certainly 
not arms of a late-glacial sea, have given rise 
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to endemics, ¢.g., the Sebago Lake (Main expansic 
salmon, Salmo salar sebago. Unfortunately as disct 
though these facts and many others like they familiar 
are well known to limnologists, there is no sup. 
mary of them from the point of view of th 
Pleistocene. 

The occurrence of northern relicts is only 4 
part of the story of the influence of glaciatim 
on the biota of the glaciated territory. Th ' 
topographic diversification of habitats, or 
some instances the mere opportunity to coloniz 
unoccupied ground, has permitted the develop Va 
ment of many species that are largely or q. 
clusively confined to regions formerly covered y 
by ice sheets. 

P. J. Darlington (1943) gives a good exampk — 
in the carabid beetle Patrobus fossifrons, oned ; 
those carabids that are polymorphic in respect 
to presence of wings. The ancestral subspecis 
(+ winged) occurs along the west coast from) |sp 
Alaska to California. A — winged form is found 
on some of the large Alaskan islands, while th 
+ winged subspecies has invaded the glaciated 
country from Alaska to the Gulf of & 


Lawrence. In plants it has often been claimed / 
Me 








that polyploid species are particularly well 
presented in glaciated districts (Cain, 19 
Chapter 29; Camp and Gilly, 1943). In anim: 
species formation by polyploidy has been ge 
erally regarded as extremely uncommon. Ho 
ever, recent work of Svardson (1945) on tk 
salmonid fishes indicates that this opinion wi {39% 








probably have to be revised. There is good ev Ficugr 15 
dence that the Scandinavian salmonids form 
polyploid series, and Pleistocene commingling The Icel 
: ‘ to each oth 
of ranges and the formation of hybrid Swati of aver 
are called upon, as so often in plants, to accouml inat least t 
for this remarkable fact. Examples of Pleistog '#s led to i 
cene formation of polyploid species and the 
occurrence in glaciated regions have already Presented 
American 


been given in Jris versicolor and Vaccini 










corymbosum. Examples of mollusk species, ig Peat bog 
known or believed to be polyploids, but evig “unection 
dently the result of postglacial radiation in neg “outains 
habitats on the part of a single old species, been relati 

Alps, espe 


discussed by Baker (1930). 

Another result of glaciation has been the 
mation of “semi-species,” taxonomic groupi 
containing forms that behave as subspecies! 
one context and as species in another. 
complexes evidently owe their origin to isolati 
in glacial refuges, followed by postglacial 
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jon with some overlapping of ranges, 
as discussed recently by Rand (1948). The 
familiar case of the European crows has been 
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almost everywhere in the glaciated northern 
States and southern Canada, but are moder- 
ately well known. The biogeographic problems 
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Hf Figure 15.—BreEDING: RANGES oF GULLS OF THE Larus leucopterus-argentatus COMPLEX IN NORTHERN 


“Eto each other as subspecies, while the herring gull 


RICA 


The Iceland gull (/eucopterus, A), Kumlien’s gull (kumlieni, B), and Thayer’s gull (thayeri, C) behave 


(argentatus smithsonianus, D) seems to be a subs 


ies 


of thayeri, but behaves as a full species where it overlaps the range of kumlieni. It is supposed that isolation 
inat least two Pleistocene refuges, one south of the continental ice and the other in the Arctic Archipelago, 
has led to incomplete speciation in this case. From Rand (1948, Fig. 3). 


presented in the preceding chapter; a North 
American example is given in Figure 15. 
Peat bogs—Interesting though they are in 


se connection with northern relicts, the higher 


mountains of the eastern United States have 
been relatively little explored compared to the 
Alps, especially by zoologists, and the deep 
lakes have not been so thoroughly investigated 
as they deserve. The most familiar northern 


grlicts, both animal and plant, are found in 


peat bogs (because they have a certain simi- 


gilarity to muskeg country), for peat bogs are 


not only common features of the landscape 


arising from bog studies were well discussed 
years ago by Transeau (1903), but two aspects 
of the matter require additional emphasis. 
The first is that not all bogs occur in the 
glaciated districts, though most of them do, and 
the more southern bogs of the coastal plain do 
not all harbor northern species. For example, 
very near the glacial boundary, and within it in 
strictly coastal localities from Connecticut to 
Newfoundland, the bog vegetation is likely to 
be dominated by the coast white cedar, 
Chamaecyparis thyoides, a southern species, and 
not by the black spruce, Picea mariana. The 
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two may occur in the same bog, and the cedar 
then often seems to be winning out. Similarly 
the pitcher plants, Sarracenia, are southern 
species. To some workers (¢.g. Braun, 1947) 
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FiGuRE 16.—POLLEN DIAGRAM FOR A SPRUCE BocG 
AT BincHAM Ponp, SALISBURY, CONNECTICUT 


Note the absence of spruce pollen from Zone B 
to Zone C3. From Deevey (1943, Fig. 11). 


the lack of northern species in southern bogs 
argues for little northern infiltration into the 
southern States during glacial ages of the 
Pleistocene. But it must be remembered that 
ice is also lacking from the northern basins that 
formerly contained it, z.e., that much has hap- 
pened since the climax of the last glacial age. 
As we know that southern species have invaded 
bogs in glaciated country where postglacial 
conditions have favored them, stratigraphic 
evidence is necessary before one can say that 
their invasion of southern bogs is not also post- 
glacial. 

The second point is that though bogs are 
relict habitats and now shelter relict species, 
the species have not necessarily lived in the 
habitats continuously since late-glacial or early 
postglacial time. The majority of American bogs 
that have been investigated stratigraphically, 
among them those whose depths were plumbed 
by Thoreau (Deevey, 1942a), began their life 
as ordinary lakes, without floating mats or other 
evidence of excessive deposition of organic 
matter, and could not have been suitable for 
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the extensive stands of spruce and larch thy 
now live around them. The pollen diagrams, too, 
often show that spruces have only recently be 
gun to return, partly for climatic reasons, afte 
an absence lasting since Zone A (Fig. 16), 
Where were they in the meanwhile? As othe 
profiles in the same region usually show traces 
and sometimes significant quantities, of spme 
pollen in the intervening zones, they can hardly 
have retreated to Canada. Presumably they 
were living around other lakes, which became 
bogs at an earlier stage of their existence, and 
which have since become extinct. But then th 
spruces, and the other northern species that 
accompany them, must have been doing mon 
moving around during postglacial time than § 
ordinarily implied when the botanist calls them 
“relict.” This simple stratigraphic discovery 
seems to put relicts of other kinds in a whok 
flood of new light. It shows that disjunct dis 
tributions are not necessarily old, and that the 
habitat which shelters the disjuncts now 
merely the closest they can get to the one they 
prefer, or the one in which they have a com 
petitive advantage against more widely diz 
tributed species. This point has an extremely 
important bearing on the next problem to k 
discussed, that of the celebrated nunatak hp 
pothesis of Fernald (1925). 

Survivals from interglacial ages: Nunatak hy 
pothesis.—The view that the whole of glaciated 
North America (and of Europe) was completely 
sterilized by glaciation, and that all specs 
now found in these regions have reached thet 
present localities in postglacial time, is some 
times referred to (usually contemptuously) # 
the tabula rasa theory. Against this view, whid 
certainly goes too far, numerous objections havt 
been raised. Prominent among its opponents, # 
we have seen in the last chapter, are (1) thow 
who follow the Irish argument to its logic 
conclusion (Scharff, Praeger), (2) students qi 
the Scandinavian mountain flora (Nordhages 
Dahl), and (3) those who believe, on varidt 
grounds, that some parts of the fauna ail 
flora of Greenland, Iceland, the Faeroes, ett, 
have survived there since before the last glagi 
age (Ostenfeld, Lindroth). In North Amen 
too, this opposition has been vociferous, 
has also taken various forms. 

In its mildest manifestation, perhaps, ¥ 
have the interesting thesis of Miss Braun (1% 
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that there are survivals from Yarmouth time 
still living in their original habitats in Ohio. 
The argument is as follows: South of the limit of 
[linoian drift there are patches of a xerophytic 
(Andropogon scoparius—Bouteloua) type of prai- 
riecommunity, containing no western elements, 


traces § put instead coastal-plain elements such as A gave 


virginica and Ophioglossum Engelmanni. These 
are quite unlike the patches of “prairie penin- 
sul” (Gleason, 1922), which are more meso- 
ic and contain many western species (re- 
as relicts of an eastward extension of 
prairie during C2 time). One patch occupies 
the top of a rock that was cut off by an Illinoian 
stream. The Illinoian till plain to the north 
contains hygrophytic boreal relicts, considered 
to have persisted there since just after the 
Ilinoian deglaciation. Since they held the 
ground, spreading of the xerophytic prairie 
from the area of Wisconsin till was precluded 
in pre-Wisconsin as well as post-Wisconsin 
time. The patches must then be northwestern 
outliers of pre-Illinoian vegetation, preserved 
because of their isolated position above the 
level of Illinoian stream erosion. 

Because it contains two unproved and im- 
probable assumptions, this hypothesis seems 
doubly unlikely. (1) Why should the hygrophy- 
tic boreal relicts be post-Illinoian, and not 
post-Wisconsin? The Illinoian till plain is so 
close to the Wisconsin boundary that if it 
served as a glacial refuge during Wisconsin 
time only boreal and arctic plants could have 
used it. (2) Are the powers of dispersal of these 
plants so limited that they could not migrate 
across an Illinoian stream during the whole 
of Sangamon time? As we have clear evidence 
of a migration of prairie vegetation into Ohio, 
# and a convenient phase of postglacial time to 


noS Which to assign it, a hypothesis of postglacial 
WE dispersal and restriction seems not only logi- 


f cally simpler but in better accord with the 
stratigraphic facts. 

Probably because the persistence of plants 
south of a glacial boundary, no matter what the 
circumstances, is lacking in popular appeal, 
') Miss Braun’s paper has had relatively little 
“& Weight, and it is not widely cited. Perhaps its 
chief merit is as an early instance of the careful 
application of the best geologic information to 
botanical problems, a field in which Miss 
Braun’s influence has been pre-eminent. It is 
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quite otherwise with the nunatak hypothesis of 
Fernald, for this work has been extremely pro- 
ductive, not only of lively discussion among 
botanists, geologists, and geographers of all 
kinds, but of much careful field research. The 
evidence and the conclusions are as follows 
(Wynne-Edwards, 1937): 

At various isolated places in eastern North 
America there are arctic-alpine floras of peculiar 
character. In addition to a large group of cir- 
cumboreal arctic and subarctic species (the 
arctic group), there are many others, absent 
from the Old World (though a few of them are 
Siberian) and from Greenland also, that are 
either typically cordilleran or find their closest 
relatives in the Cordilleran chain. For the for- 
mer group a Hookerian (Darwinian) theory of 
glacial restriction and postglacial migration will 
suffice; but for the cordilleran group, because of 
the exceedingly localized distribution and the 
high proportion of endemism among its mem- 
bers, another explanation is required. It is 
thought that these species must have survived 
the Wisconsin age within the general region of 
glaciation in nonglaciated districts, including 
some fairly large areas (e.g., the Shickshock 
Mountains in the Gaspe and the Torngat 
Mountains in Labrador) as well as small peaks 
projecting above the continental ice sheets as 
nunataks do today in Greenland and Antarctica. 
There is geologic authority for the existence of 
these nunatak areas (Coleman, etc.), but even 
if there were not the extraordinary disjunction 
of many of these species, the apparent senes- 
cence of many of them (inferred from their 
apparent inability to spread), and the endemic 
nature of others would force us to conclude that 
they are older than the arctic group, and that 
they therefore must have survived unchanged 
from an earlier age. 

Most of Fernald’s followers would not go so 
far as to support the botanical evidence of sur- 
vival in the face of geologic evidence of its 
impossibility. But a notion of this sort, applied 
to an area so large and so little explored geolog- 
ically as eastern Canada, is not easy to uproot. 
In arctic and alpine regions it is notoriously 
difficult to find proof of overriding by an ice 
sheet, owing to the intensity of modern frost 
action and the likelihood that traces of glacia- 
tion will have been removed or covered by 
felsenmeer in postglacial time. Thus as one area 
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after another is revisited and the evidence of 
lack of glaciation is shown to be inadequate 
(cf. the report of Flint, Demorest, and Wash- 
burn (1942) on the Shickshocks), it is still 
possible for a botanist to take refuge in some 
other area. Moreover, if the validity of Fernald’s 
evidence is once admitted, it is necessary to 
admit that there is a great deal of it, and as more 
comes in with each additional season of botani- 
cal exploration the botanist can imagine that 
he is patiently amassing ammunition against 
the geologist’s attack. 

It is clear, however, that Fernald’s evidence 
is not valid. In the convincing paper of Wynne- 
Edwards (1937), who writes as an opponent, 
and in the thoughtful and well-illustrated article 
of Marie-Victorin (1938), who writes as a dis- 
affected partisan, certain apparently unanswer- 
able arguments are presented: 

1. The distinction between “arctic” and “‘cor- 
dilleran” types of distribution is impossible to 
maintain. Cordilleran plants, which after all 
are New World plants because they do not 
occur in the Old World, often show connections 
between the Cordillera and eastern America 
by way of the Arctic. Some do not, but are iso- 
lated as at two ends of a bridge. Endemism is 
common in the St. Lawrence representatives of 
the latter group. But the circumpolar arctic 
plants have the same sorts of distribution in 
North America, including the endemism 
(Wynne-Edwards). 

2. Many of the most celebrated local species 
are localized because of narrow habitat require- 
ments, for instance the fern Polystichum 
mohrioides var. scopulinum that lives on ser- 
pentine, or the numerous species that live on 
the Mingan Islands because limestone out- 
crops there (Marie-Victorin; Wynne-Edwards). 

3. The relict species are not confined to high 
altitudes, nor are all of them such species as 
could be expected on a nunatak. At sea level 
in the Gulf of St. Lawrence region, in places 
admitted by all to have been not only over- 
ridden by ice but submerged by the Champlain 
Sea, are such spectacular endemics (emphati- 
cally cordilleran in their affinities) as Aster 
gaspensis, the lady-slipper Cypripedium pas- 
serinum, and the thistle Cirsium minganense, 
the latter the only eastern representative of an 
alpine but not arctic group confined to the 
Rockies (Marie-Victorin). Fernald knew these 
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facts, or others like them, e.g., from Antic 
Island, and admitted that some of the rela 
must have reached their present areas by pg 
glacial migration. It was a more ¢ 

admission than he realized (Wynne-Edvwards 

4. The idea that the cordilleran plants ay 
of great age played an important part j 
Fernald’s thinking. Perhaps they are, but ye 
need postulate no age greater than last inter 
glacial to explain their disjunction, 
the arctic species must be at least equally a 
to account for the obvious and generally 
mitted fact that they were pushed southwari 
by an ice sheet and subsequently returned ty 
their present localities (Wynne-Edwards), 
argument is not affected by Wynne-Edward: 
mistaken acceptance of certain British fossik 
as “preglacial,” a term often used in Britain 
to mean “interglacial.” 

The cordilleran-St. Lawrence distributioy 
pattern on which Fernald relied so heavily is 
well illustrated in Figure 17. It is remarkah 
enough; the disjunction is so great that it would 
not be surprising if more than one glaciation) Ficure 
were responsible for its production. Multiple 
glaciation is especially likely to have been in- 
volved in the spectacular case of Iris selow, 
(See Figure 13.) J. s. var. canadensis, the §. 
Lawrence endemic, is believed not to have op the 
tributed to the formation of I. versicolor, Brij i. 


{= |. "ae 








dently it was already isolated by the time) je 
setosa and I. virginica subspecies came togethe type, ¢ 


somewhere along the Wisconsin drift border, lies of 
If canadensis had been present in the mid 

West during Wisconsin time it should have peovid 
merged to some extent with other sefosa popu- 













lations. It can certainly not have survived ane! 
Wisconsin glaciation in the St. Lawrence low p 
land, any more than the Cypripedium can, 9 : 

‘ A asymm 
presumably was isolated in the south do not 
States. The glaciation responsible for this isda diet 


tion must have been pre-Wisconsin. Probably, biote. 
then, some cordilleran species are older 
the last interglacial age, but this is not to 
that they are older as a group than the artti 
species. | 
The most plausible explanation for the pit po 
tern of Figure 17 is that the original range 
the species stretched across the continent, a1 
still does in many cases, but that Pleistoca 
glaciation(s) disrupted it and left the 
at either end of the “bridge” (Fig. 18). This 
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Ficure 17.—DisTR1BUTION OF Aster (SECTION Fulcrati) In NorTH AMERICA, WITH Its UNIQUE EASTERN 


REPRESENTATIVE, A. gaspensis 
From Marie-Victorin (1938, Fig. 40). 


however, leaves unanswered the question, why 












, the g. 
ave 

lr. Br 
I 


‘ie the pattern so asymmetrical? Were it not for |. 
“She asymmetry, Fernald would not have con- 
‘structed his argument as he did. It remains to 






> time I. be seen whether the asymmetry is all of this 


t border, 
> mda 
ald have 
1S popu, 





nce low 
can, $0 i 


his isola 
>robably. 
der 

ot to sa 
the arcti¢ 


- the pat, 





 Fange © 
ent, a8 1! 
leistocen 


18). This, 








type, or whether the Cordillera contains out- 
liers of predominantly eastern types. Not many 
examples of the latter come to mind; maples 
provide a case in point, and the eastern shrew 
genus Blarina is known from Pleistocene de- 
posits in Idaho (Davis, 1939), but this problem 
requires a detailed investigation. In any, case, 
asymmetries of this sort, though interesting, 
do not prove very much, as was shown in the 
case of the “American” element in the Irish 
biota. 

In short, the evidence from disjunction, ex- 
treme localization, and marked (specific but 
not generic) endemism in the flora of the St. 
Lawrence region and elsewhere in eastern North 
America cannot be used to argue for survival 
of plants“ there during a glacial age. However, 





“It is noteworthy that Fernald’s nunatak 
hypothesis has been little applied to animals, and 
Fernald’s own zoological citations were either trivial 
or grotesquely out of date. Eaton (1933/1934) claims 














Ficure 18.—“Ramnsow” EXPLANATION OF THE So- 
CALLED cordilleran RELICTS IN EASTERN NORTH 
AMERICA 

Both arctic and cordilleran plants are preglacial 
and interglacial species that have migrated from 
their high-arctic station (F) under the influence of 
glaciation, and the cordilleran plants are those 
that have disappeared from the Arctic, persisting 
at one or both ends (M and M’) of their routes. Solid 
lines indicate essentially continuous distribution; 
dotted lines mark supposed local extinction and 
present discontinuity. From Marie-Victorin (1938, 
Fig. 60). 
that the failure of the “Laurentian” colony of her- 


ring gulls to migrate regularly, while Great Lakes 
gulls migrate in accordance with the old glacial 
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in destroying Fernald’s case we must be careful 
not to destroy too much. Ostenfeld (1926) 
mentions 54 species of vascular plants that 
have actually been found growing on nunataks 
in southwestern Greenland. Of these, although 
the majority are of course arctic and high- 
arctic species, a remarkably high percentage 
(20.4%) are not mainly arctic, but boreal in 
their distribution. Eight species (not named 
by Ostenfeld), of which three are high-arctic 
and five arctic, were taken on a nunatak on the 
north coast (about latitude 81° N.) by the 
Second Thule Expedition. Several species 
known from the St. Lawrence region and from 
high altitudes in northern Labrador also occur 
on nunataks in Greenland (Abbe, 1936); among 
these are Lusula confusa, Silene acaulis, Saxi- 
fraga oppositifolia, and Salix herbacea. Fifteen 
species were collected on Mt. Bertha in the 
Fairweather Range in Alaska (Cooper, 1942b). 
This mountain, though not precisely a nunatak 
today, must have been one a few centuries ago, 
before the glaciers retreated. Again a consider- 
able number of the plants are ordinarily of 
boreal rather than arctic distribution. As for 
animals, there is also no question that some 
forms occur today on nunataks; on dry land 
these are primarily springtails, mites, and 
spiders (Steinbéck, 1939), but if water is present 
there is a long list of rhizopod Protozoa, nema- 
todes, crustaceans, tardigrades, etc., that may 
be found (Kreis, 1920; 1921). There is no es- 
sential difference between the fauna of nunataks 
and that of neighboring high mountains not 
surrounded by eternal snow, as Steinbéck 
showed in the Alps; the hardiest forms are 





theory of the origin of the migratory trait, implies 
survival through an Ice Age in the St. Lawrence 
region. In this case Eaton’s facts were faulty, as 
later studies of banded gulls have shown (Gross, 
1940). It is not the only instance, however, where 
features so tenuous as migration routes have been 
believed to reflect past geographic conditions: wit- 
ness the recent claim (Wolfson, 1948) that the fa- 
mous migration of the arctic tern argues for continen- 
tal drift. This theory is discussed by Amadon (1948). 
A similar suggestion was advanced as soon as the 
life histories of the European and American eels were 
known (Von Ubisch, 1924; Willmott, 1930; see also 
Ekman, 1933a). For an opinion that various birds, 
in migrating north across the Gulf of Mexico, do not 
land until they pass over the part of the coastal 
plain that was submerged during glacial ages of the 
Pleistocene, see Lowery (1945) ; also a paper by Wil- 
liams (1945) claiming that the evidence that birds 
do in fact cross the Gulf in appreciable numbers is 
inadequate. 


selected, and they are usually species of very 
wide arctic-alpine distribution. The point is 
none the less clear: if nunataks rose above the 
continental ice sheets in Europe and North 
America, we know species that could haye 
survived on them. Conversely, the arctic and 
high-arctic flora and fauna of the present day 
doubtless contain many species that lived 
through one or more glacial ages on various 
nunataks. It does not follow, of course, that 
any of them survived exclusively on nunataks 
instead of south of the ice sheets. 

Is postglacial migration still going on?—Varj. 
ous workers, seeking to understand present dis- 
tributions of animals and plants in terms of 
postglacial re-expansions of range, have pointed 
to changes within historic time as examples of 
the continuation of this process. There is, 
naturally, a great deal of this kind of evidence, 
but owing to the universal disturbance of 
normal habitats by various sorts of human in- 
terference it must be used with extreme cir- 
cumspection, if at all. Moreover, it would be 
difficult or impossible to obtain a clear picture 
of faunistic and floristic changes even in vir- 
tually undisturbed areas, for the changes, like 
the climatic fluctuations that usually underlie 
them, do not point in any one direction for any 
large area. The evidence is reasonably consistent 
that the mean temperature of arctic regions 
has been rising since about the middle of the 
last century (Weickmann, 1942), and the in 
fluence of this trend on the distribution of 
marine fishes has been summarized by Berg 
(1935). There is however, great controversy 
over the question whether the arctic timber 
line is advancing or retreating, and it would 
seem that it is probably stationary or advance 
ing in some regions and retreating in other 
(Griggs, 1946). Kalela (1940) has shown par 
ticularly clearly that before 1940 the polecat, 
Mustela putorius, was extending its range into 
Finland from the east. Presumably this was 
in correlation with the general trend toward 
increasingly warm winters, as both warm wilt 
ters and polecats have been less conspicuous 
since 1940 (Kalela, 1948). But there is no reason 
to believe that the same zoogeographic changt 
has been occurring in Scandinavia, although the 
polecat has been known there since Bored 
(Ancylus Lake) time. Many water birds @ 
predominantly southern or eastern distribt 
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tin have also been growing commoner in 
Finland (Kalela, 1946; this paper contains a 
valuable review of the whole subject as ap- 
plied to birds). But in the British Isles, where 
some spectacular changes in distribution have 
taken place during this time, notably the ex- 

ion of the fulmar petrel (Fisher and 
Waterston, 1941), there is no evidence that 
southern species in particular are involved. 
Consequently it would be naive to suppose that 
the recent expansion in eastern North America 
of such species as the armadillo and the 
opossum, has anything directly to do with 
postglacial climatic changes. 

Another point requires emphasis in this con- 
nection. There are areas in various parts of the 
world that are in a permanent state of dis- 
turbance, so to speak, primitive as well as 
modern human inhabitants having interfered 
with them since time immemorial. Among such 
regions, termed archaeologic disclimaxes by Wells 
(1946), are certain heath areas, like the Breck- 
land of East Anglia, the “balds” or grassy 
openings in the southern Appalachians, and 
some rather similar openings in tropical forests 
at moderate altitudes in Malaysia (Van Steenis, 
1934-1936). Such areas often shelter rare and 
remarkable relicts, quite out of harmony with 
the general biota of the region, and thus easily 
lend themselves to interpretation as relict hab- 
itats, dating (for example) from times of drier 
dimate. The implication is that post-Pleisto- 
cene invasion of species has been retarded by 
relatively slow physiographic evolution and 
soil development. In some instances the dis- 
turbance is known to be much more recent than 
the dry interval to whose vegetation that of 
the disturbed area so closely corresponds, and 
it is then clear, as in the case of the bogs dis- 
cussed above, that relict species do not neces- 
sarily occupy relict habitats. If the species are 
teally pseudo-relicts of this sort, it is obviously 
very dangerous to deal with changes in distri- 
bution in historic time as continuations of post- 
glacial climatic and biogeographic trends. 

As a case in point, the vegetation of certain 
sand plains in New England may be cited. 
Many kames, glacial lake beds, and other de- 
posits of stratified drift, deposited during the 
shrinkage and disappearance of the Wisconsin 
ice sheet, today carry an open, xerophytic 
woodland in which pitch pine (Pinus rigida) 
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stands are common. Grassland areas are not 
rare, while the successional stages approaching 
the regional climax include various oak-hickory 
communities. The latter especially give every 
indication of permanence, and Nichols (1914; 
1923) regarded them as “physiographic climax.” 
They look, in other words, very much like relict 
habitats dating from the oak-hickory Zone C2, 
or even from the pine Zone B (Table 7), and 
they undoubtedly shelter many of the character- 
istic species of those zones. In one thoroughly 
typical example, the North Haven sand plains 
along the Quinnipiac River in Connecticut, 
Olmsted (1937) has shown that the modern 
aspect is entirely the result of eighteenth cen- 
tury cultivation, which led to the removal of 
the A soil horizon and the formation of dunes, 
and that where attempts at cultivation have 
been abandoned the regional climax is being 
restored as rapidly as could be expected. 

The North Haven sand plains are “‘archaeo- 
logic disclimaxes” only potentially. But such 
a history, and the realization that relict species 
have done a great deal of migrating from one 
“relict habitat” to another during postglacial 
time, entitles us to suspect some of the more 
celebrated occurrences of relict species. Thus 
in southern Ohio it is claimed (Wolfe, 1942; 
Transeau, 1941) that certain coastal-plain 
plants, widely disjunct from their nearest re- 
presentatives, are still avoiding the deposits 
of the proglacial lakes that are supposed to have 
been ponded by the advancing Nebraskan ice 
in the upper drainage of the Teays River. 
(This is a preglacial river that was the ancestor 
of the Ohio River in southeastern Ohio and 
West Virginia before its diversion and frag- 
mentation by pre-Illinoian glaciation.) The 
higher altitudes, apart from their content of 
relict coastal-plain species, are covered by the 
regionally appropriate mixed deciduous forest, 
but on the lake plains this forest is replaced 
by oak woodland (Braun, 1947). Before this 
idea, implying persistence of some elements in 
their present habitats since before the Pleisto- 
cene, and of others since pre-Illinoian time, can 
be accepted, postglacial climatic changes should 
be ruled out, and physiographic and cultural 
causes for the present distribution should be 
investigated. Some stratigraphic information 
would undoubtedly be helpful. 

In a sense, postglacial expansion is still pro 
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ceeding, despite the fact that the climatic opti- 
mum of postglacial time seems rather generally 
to have been passed, particularly in northern 
countries. From Raup’s penetrating studies of 
the vegetation of the Athabaska-Great Slave 
Lake district (1946; 1947a; 1947b) a number 
of approaches suggest that phytogeographic 
movements have persisted at least until very 
recently against the tendency toward climatic 
deterioration. First, such studies have to be 
looked at against the broader background of 
Hultén’s researches (1937). 

According to Hultén, distribution patterns 
of boreal and arctic plants are themselves re- 
ducible to a pattern, so that a group of species 
(radiants) has a center and an equiformal pro- 
gressive area of dispersal. The principal centra 
discernible in the ranges of hundreds of boreal- 
arctic species all turn out to be located in regions 
that were not glaciated during the maximum 
advance of the ice sheets. They are: north- 
eastern Siberia, the Amur-Manchurian region, 
the Altai-Sajan region, the northern shores of 
the Bering Sea, the Yukon valley, the Arctic 
archipelago, and the Washington coast. These 
centra are believed to have served as refuges 
during the last glaciation, but the postglacial 
reoccupation of previous ranges has not pro- 
ceeded at equal rates, in part because plants 
confined to small refuges have been depau- 
perated of biotypes through the Sewell Wright 
effect. Depauperate species are less plastic and 
are presumed to spread less rapidly; this ac- 
counts for the phenomenon regarded as “‘senes- 
cence” by Fernald and others. 

Raup (1947a; 1947b) has applied Hultén’s 
methods and concepts in detail to some seg- 
ments of his Mackenzie flora; he finds that 
despite a number of necessary modifications in 
the treatment of particular species the hy- 
pothesis stands up under rigorous testing. The 
first plants to reach the Mackenzie Mountains 
should have been the wide-ranging Arctic- 
Montane species derived from at least two of 
the adjacent centra—the Yukon valley and the 
arctic lowland—, as well as from refuges south 
of the ice in America. Next should have come 
the Continental West American radiants, 


mostly from the Yukon and the~ northern 
Rocky Mountains. The species derived from 
Beringian centra should be poorly represented, 
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because these species suffered biotype depaupe,. 
ization, and the American coast radiants, Dri 
marily species of moist climates, should hay 
had great difficulty in spreading so far inlay 
as the Mackenzie country. These consideration 
are borne out by analysis, whether or not Hy 
tén’s grouping is taken as the starting point 
The flora as a whole is impoverished in com. 
parison with that of other arctic regions, pre. 
sumably reflecting remoteness from the centn 
as well as the continentality of the climate 
Postglacial recolonization, then, is presumably 
still taking place. 

Raup (1946) emphasized that the Mackenzie 
district is a meeting place of eastern and westem 
species pairs, whose formation evidently dates 
from glacial separation of ranges into south 
eastern and southwestern components, Ey 
amples of this familiar pattern can be arranged 
in a series; among the dominant tree species 
the least mesophytic types, the spruces, which 
occupy the farthest outposts of forest in the 
region, seem to have gone furthest in the inter. 
mingling of types, the eastern Picea glauca and 
the western P. g. var albertiana forming inter 
mediates on a broad front. To a lesser extent 
this is true of the eastern jack (Pinus banksiana) 
and western lodgepole (P. contorta) pines, whos 
ranges overlap only slightly, while 


“the eastern and western firs (Abies balsamea and A. 
lasiocarpa) have not joined their ranges at all, al 
though they apparently have come near doing soit 
central Alberta. Other still more southern pairs such 
as the hemlocks and arborvitaes are yet far apart, 
and are not represented at all” (1946, p. 74). 


Similar cases of isolation and subsequent er 
pansion of bird species are discussed by Rand 
(1948). 

A third line of evidence is more conjectural, 
because it involves the time relations of glacial 
retreat and forest advance in the northern ir 
terior plains. In an area all of whose soils art 
youthful it is still possible to show difference 
in age of land surface that are reflected in the 
composition of the vegetation, though of cours 
other factors are also involved. The oldest land 
surfaces, above the highest (1600-foot) pro 
glacial lake, are occupied by black spruce and 
lodgepole pine, while the youngest, the modem 
flood plains below the shores of the latet 
(700-foot) lake, are dominated by white spruce 




















It is remarkable that the numerous sections 
cut by streams in the older lake deposits show 
no trace of the enormous quantities of drift- 
wood now being carried by the Mackenzie 
and its tributaries, whereas this material is 
abundantly preserved in the youngest stratified 
drift. Evidently 


“the Peace, Athabaska, and their tributaries were 
not fowing through a timbered country until after 
the last ice had disappeared from Athabaska and 
Great Slave Lakes, and until after the lakes had 
nearly reached their present levels” (p. 77). 


If Antevs (1931) is right in believing that the 
last ice did not leave the Keewatin and Labra- 
dor regions until 7500 to 9000 years ago, and 
ifa relatively long tundra phase preceded the 
immigration of forests, the age of this immigra- 
tion falls close to that of the climatic optimum, 
and there would be no reason to suppose that 
postglacial recolonization has ceased. 

This whole story, for the documentation of 
which stratigraphic evidence is sadly missed, 
reminds one forcibly of the oft-cited fact that 
many species have extended their ranges up to 
but not upon the moraines of the last ice sheets. 
Certain birds appear still to be avoiding the 
area of the Scandinavian Ice Sheet in Finland 
(Palmgren, 1938). Surely what they are avoid- 
ing is plant communities characteristic of rela- 
tively youthful topography and soils, and, when 
the landscape matures and the appropriate 
plant communities become established, the birds 
will follow. In this sense the postglacial exten- 
sion of range is undoubtedly still going on, but 
this is not a sense that permits us to operate 
with observed changes of range within historic 
time and to draw inferences from them. 

Xerothermic Interval—That postglacial time 
in glaciated eastern North America has seen at 
least one episode of climate warmer and drier 
than today is clear from pollen diagrams. 
Zone C2, generally characterized everywhere 
east of the Lake States either by a rise of 
hickories or of oaks at the expense of more 
mesophytic trees, would appear to meet the 
Tequirements of a “climatic optimum,” so far 
as higher temperature can be regarded as op- 
timal. The climatic optimum, however, is a 
more vaguely defined phenomenon and ought 
not to be restricted to the oak-hickory zone 
when stratigraphic data are lacking. More 
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generally speaking it corresponds to the warm 
phase of middle postglacial time, the “warm 
period” of Von Post (1946) and the “alti- 
thermal” of Antevs (1948). As an interval that 
was not only warm but dry can be distinguished 
in North American pollen diagrams from one 
that was warm but moist, this xerothermic 
interval agrees more precisely, in character if 
not in age, with the Sub-Boreal of Blytt and 
Sernander. 

Knowledge of the existence of such an in- 
terval, however, antedates the stratigraphic 
information. Various phenomena, some geo- 
logic and archaeologic as well as zoological and 
botanical, have been assembled under the rubric 
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Ficure 19.—Distrisution or DireLom Polemonium 
reptans AND TETRAPLOID P. Van Bruntiae 

It is supposed that P. Van Bruntiae extended its 
range northward in postglacial time, only to have 
it dissected during the xerothermic interval. From 
Cain (1944a, Fig. 63). 
of the climatic optimum, notably by Raup 
(1937). The existence of such an interval was 
a valid inference from the facts of plant geog- 
raphy, and as such was clearly summarized 
by the great paper of Gleason (1922) on The 
vegetation of the middle West. Gleason showed 
that not only many plant species but segments 
of entire plant communities are found in Illi- 
nois, Indiana, Ohio, and even farther eastward 
at stations widely removed from their main 
ranges in the middle West. This phenomenon, 
known as the prairie peninsula, has been widely 
discussed, especially by Transeau (1935). The 
mirror image of this situation occurs in Europe, 
as we have seen. Isoated outliers of a western, 
southern, or prairie vegetation are not confined 
to the middle West, though their number 
certainly diminishes in an easterly direction. 
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A case of disjunction in a young tetraploid 
species is reported in Polemonium of the phlox 
family (Fig. 19). 

The possibility cannot be ruled out that some 
phenomena of this sort reflect the pine Zone B 
rather than, or perhaps as well as, Zone C2. 
It seems unlikely to the writer, however, that 
this was a pine zone in other than the pollen- 
analytic sense, i.¢., that the climate was as 
dry and the pines as abundant as the frequency 
of pine pollen indicates. It seems more reason- 
able to assume that pines were only relatively 
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cooler and more oceanic conditions. This fact 
underlies the whole theoretical structure by 
which Dansereau (1944), among others, at. 
tempts to integrate many facts of plant ecology 
and distribution (Fig. 20). According to this 
scheme, in the Gaspe region, for example (Sta. 
tion N 5), the patches of maple-beech forest 
that linger on southern slopes, in “coves,” 
and similar protected localities are “pred. 
max” with respect to the regional climax, which 
is a northern coniferous forest type. Advancing 
elements of the taiga, which one finds farther 
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FicurE 20.—THEORETICAL PICTURE OF THE RELATIONS OF CLIMAX, PRECLIMAX, AND Postcimmax Cow- 


MUNITIES AT LocatiTrES ALONG Two West-East (1-8) TRANSECTS, One Nort (N) AND ONE 
Sours (S) oF THE GREAT LAKES 
In the Gaspe ~ os (N 5); for example, the climax forest is the northern coniferous forest (Sapiniére), 


while a maple-beec 


association (érabliére), persisting in favored localities, is a relict of the xerothermic 


interval and has become preclimax to the regional climax. Outposts of the southward- -moving faiga, if any, 
are postclimax in this locality, but climax farther to the northeast. From Dansereau (1944, Fig. 1). 


abundant and to leave the climatic character 
of the zone for future work. 

As a result of the general trend represented 
by Zone C3, we find that except for minor 
shifts within historic time, e.g., the tendency 
for the climate to be a little warmer in northern 
countries since about the middle of the last 
century, the latest long-term shift of climate 
is one of “retrogression,”’ 7.e., reversioa toward 


northeast in Canada and which will supposedly 
invade the Gaspe forest if the climatic trend df 
the last 1000 years or so is continued, are re 
garded as “postclimax”’; but postclimax of one 
station may be the climax or the preclimat 
of another. A paradox is involved in the nomet 
clature here that is difficult to explain to the 
geologist, for under certain circumstances the 
“postclimax” would be the relict of a pit 
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existing vegetation type. Remembering that 
the dassic example of a postclimax" is a fringe 
of cottonwood trees along a watercourse in a 
treeless country, the paradox is resolved as a 
matter of definition, but the terminology is still 
unfortunate. 

The problem of the disjunct occurrence in- 
land of Atlantic coastal-plain plants has al- 
ready been touched on, and the opinion was 
expressed that this disjunction does mot imply 
the persistence of lowland plants on uplifted 
remnants of a Cenozoic erosion surface. It 
seems certain that postglacial climatic changes 
were involved in the fragmentation of ranges 
of some of these plants, but it is difficult to de- 
cide which climatic shift has been mainly re- 
sponsible. In the following section, the problem 
is treated as though the period of free migration 
were late-glacial or early postglacial. However, 
it must be remembered that it may have been 
during the xerothermic interval that the plants 
moved into the interior. 

Late-glacial migration routes for plants.—For 
the majority of plants, including the dominant 
tree species of glaciated eastern North America, 
no particular postglacial migration route can 
be specified, though a careful study of pollen 
data may eventually throw some light on the 
matter. For a few species, however, notably 
those of coast lines, some speculations about 
routes of dispersal are possible and even profit- 
able. It has long been known that the strand 
lines of the Great Lakes shelter species other- 
wise known only from beaches along the At- 
lantic Ocean, and in some cases, such as the 
tush Eleocharis melanocarpa, the disjunction 
is spectacular, from Lake Michigan to the 
Atlantic without a single intervening station. 
As Peattie (1922) realized in an important con- 
tribution to this subject, the extreme disjunc- 
tions are merely special cases, the other extreme 
perhaps being typified by such a common species 
as the cat-tail, Typha latifolia, which occurs 
on strand lines of all lakes, big and small, in 

* “Post climax: 1. A relict of a former climax com- 
munity remaining under favorable edaphic condi- 
tions in a region whose climate is no longer favorable 
for the development of the corresponding climax. 

“2. Clements, Plant Succession and Indicators, 
1928, p. 110—A community existing under favor- 
able edaphic conditions and indicating the charac- 
ter of the climax which would be developed as the 


result of a climatic change involving increase 
in available moisture” (Carpenter, 1938). 
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eastern North America, as well as in the upper 
reaches of salt marshes. Many such species 
apparently have utilized late-glacial strand lines 
in their migration to interior stations, and they 
now occur on sandy soils derived from the 
shores of proglacial lakes and their outwash- 
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FIGURE 21.—DisTRIBUTION OF Utricularia resupi- 
nata, ONE OF THE SANDY BEACH WITH AN 
ATLANTIC COASTAL PLaIN-GreEAT Lakes DisyunctT 
RANGE 

Note the apparently relict stations in the vicinity 
of former outlets of the glacial Great Lakes, espe- 
cially the Mohawk outlet of Lake Wayne, the North 
Bay outlet of Lake Algonquin, and the Grand River 
outlet of Lake Warren. Redrawn from McLaughlin 
(1932, Fig. 17). 


choked drainage channels (McLaughlin, 1932), 
as well as on existing beaches. At least one 
species, the bladderwort Utricularia resupinata, 
looks as though it utilized the Mohawk-Hudson 
outlet of Lake Wayne, the North Bay-Ottawa 
River outlet of Lake Algonquin, and the Grand 
River outlet of Lake Warren (Fig. 21). 

Some confusion has arisen in this problem 
because the strand flora of the Atlantic coast 
contains salt-loving and salt-tolerant as well 
as strictly fresh-water species. The salt-loving 
members are not of course found around the 
Great Lakes, nor are they now found around the 
shores of the late-glacial Champlain Sea, but 
some of their associates are. Svenson (1927) 
cleared up some of this confusion and showed 
that none of the salt-tolerant species are con- 
jimed to the region of marine overlap, so that 
they cannot be used as indicators in the absence 
of geologic information. 

Another sort of disjunction that has attracted 
some attention is exemplified by the beggar’s- 
tick Bidens hyperborea, (Fig. 22). The distri- 
bution is strictly maritime in New England and 
eastern Canada, and then jumps to James 
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Bay, avoiding Labrador. Most plants of this 
group are halophytes, but some are merly salt- 
tolerant, and the Bidens is halophobic, though 
confined to estuaries; no doubt its discontinuous 
habitat is responsible for its breaking up into 
numerous varieties (Cain, 1944a). Potter (1932) 
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FicurE 22.—DistrisuTion OF Bidens hyperborea, 
A SPECIES CONFINED TO ESTUARIES BUT LIVING 
On ty AROUND FRESH WATER AT THEIR HEaDs 


Note the disjunct occurrence near James Bay and 
the absence from Labrador, implying a direct migra- 
tion from the St. Lawrence valley to James Bay via 
a late-glacial fjord in the Temiskaming valley. Re- 
drawn from Potter (1932, Map 11). 


remarked that in late-glacial time, when the 
Champlain Sea or the Ottawa Sea sent a long 
arm up the Ottawa Valley, and there was ex- 
tensive submergence around the southern part 
of James Bay, the possibility of migration must 
have been greatly increased. A marine connec- 
tion between Hudson Bay and the St. Lawrence 
is doubtful on geologic grounds, and no sta- 
tions are known for the plants in question in 
the intervening region. Further exploration may 
turn up some of the facultative halophytes in 
the region of Lake Abitibi, but actual marine 
deposits will be required to demonstrate the 
connection. La Rocque (1949) believes that a 
connection by way of Lake St. John is more 
likely than the one proposed by Potter. 
Whether the hypothesis of late-glacial migra- 
tion is reasonable depends on whether the plants 
are hardy enough to have followed a series of 
proglacial lake beaches when the lakes were in 
existence. In most of the cases it seems doubtful 
that they are. This objection applies particu- 
larly to the Great Lakes stations of coastal- 
plain plants, for some of Potter’s species, ¢.g., 
Zannichellia palustris and the eel grass Zostera 
marina, are not uncommon in the Arctic 
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(Porsild, 1932) and could have lived in th 
Champlain Sea. The boreal species, on the othe 
hand, though they may have used late-glacig 
connectives because of the sandy habitat they 
provided, probably did so some time after the 
Great Lakes had fallen more nearly to their 
present levels. Some of the disjunction may be 
due to fragmentation of ranges since the xen. 
thermic interval. 

Another possibility for coastal-plain plants 
was to migrate northeastward along the coastal 
plain itself, and many have of course done go, 
The suggestion that they may have found it 
easier to do so during a late-glacial low stand 
of the sea has to be taken seriously. This is g 
complicated problem geologically (Deevey, 
1948b), but, while data are lacking for a picture 
of relations of land and sea in New England 
at any particular point in postglacial time 
possibly a migration route across Georges and 
Browns Banks to Nova Scotia was open at some 
time, perhaps as late as Zone B. Certainly the 
presence of a large number of coastal-plain 
plants in Nova Scotia as well as New Jersey 
(Fernald, 1929) and the disjunction of many od 
them suggest that such a route was utilized, 
and some of the same plants have reached as 
far as Newfoundland, again with more or less 
disjunction. Nichols (1913) called attention to 
the fact that the coast white cedar, Chamae- 
cyparis thyoides, seems to have moved directly 
from the tip of Long Island to eastern Con- 
necticut and Rhode Island, while its invasion 
of western Connecticut was evidently later and 
is still incomplete. In this connection it is use- 
ful to recall that the Ipswich sparrow, a well 
marked subspecies of the savannah sparrow, 
breeds only on Sable Island but winters with the 
parent species on the coastal plain from Masse 
chusetts southward. Were Sable Island larger 
this situation would doubtless occur in other 
birds. 

Late-glacial migration routes for animals.— 
One way in which the biogeographer can be 
most useful to the geologist is in tracing out 
former stream connections through the existing 
distribution of fishes and mollusks. This is 4 
very large chapter of Pleistocene biogeography 
that was left out of the account of Europe and 
that can only be touched on here. Fish distr 
bution in the Great Basin will be discussed it 
some detail in the following section, and in this 





















section some remarks will be made on recent 
work in the middle West. 

It is most important for the geologist to 
understand that the method is fundamentally 
valid, though it is not always used intelligently. 
A sharp controversy arose between biologists 
and geologists on this matter, and after a period 
of quiescence it broke out once more (Van der 
Schalie, 1939; Johnson, 1941/1942). When a 
single species of fish or mollusk belonging to a 
coastal § different fauna occurs in a drainage basin, the 
fone go, § biologist may suspect transfer by stream cap- 
ound it @ ture, but he is wrong in upholding such a theory 
v stand in the face of geologic evidence to the contrary. 
his is g The life history of fresh-water mussels includes 
Deevey, astage in which the larvae are parasitic on the 

’ | ils of fishes, so it is unlikely that transporta- 
“gland 4 tion of the adult mussel across the divide, 
1 time, 48, by birds, will result in a successful intro- 
ges and § duction and acclimation to a new fish host. It 
is still possible that it was the parasitized fish 
nly the and not the mussel that was accidentally trans- 
al-plain ported, and if the fish happens not to be a dis- 
tinctive member of another fauna, or if the 
problem is discussed solely on the basis of mol- 
tilized, | lusks and not of fish, a footless argument can 
shed as | ‘@sily result. Stream capture cannot be demon- 
or less § stated by the occurrence of single species, 
tion to | but, if a whole fauna seems to be out of place, 
hamae- | ‘he probability of capture becomes quite high. 
irectly Unfortunately the demonstration of capture by 
1 Con- f this means is easier to talk about than to per- 
vasion @ ‘orm, for distinctive species are much less num- 
er and | ‘mous than widely distributed species, and they 
is use § fe especially uncommon in the headwater 
» well. § streams where capture must first take place. 
arrow, § _ The “Coosa problem” may not belong to the 
ith the § Pleistocene, but it is one of the most famous and 
Miassa- } ontroversial of such situations, and in presenta- 
larger § tinit is convenient to begin with it and to work 

other § UP to the glaciated district from the south. 
The Coosa River is a tributary of the Alabama 
als— § River, and according to an old theory based on 
an be § ‘ts alignment with the part of the Tennessee 
1g out River above the great bend it represents the 
cisting § {ormer straight course of the Tennessee to the 
s isa Gulf; the modern lower Tennessee originated 
raphy later. Relationships between the mussels and 
ye and © Tayfishes of the Alabama and Tennessee drain- 
ages were pointed out by Simpson, and seemed 
to support this theory, but, when D. W. 
Johnson found physiographic evidence against 





sed in 
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it, he proceeded to deny the validity of the 
biologic evidence. As Van der Schalie (1938b) 
has shown, there is good reason to believe that 
the Cahaba River in the Alabama basin has 
obtained many of its mollusks from the Ten- 
nessee. Not only are there seven species in com- 
mon (out of about 59 in the Tennessee and 48 
in the Cahaba), three of which are otherwise 
known only from the Tennessee, but there are 
at least seven pairs of species whose Cahaba 
members almost certainly came from the Ten- 
nessee. The specific differentiation implies some 
antiquity for the derivation, though not neces- 
sarily pre-Pleistocene origin; at any rate, though 
we cannot date the capture by this method, the 
case for the occurrence of the capture (in a direc- 
tion the reverse of that required by the old 
theory) is strong. 

On the other hand, the hypothesis of Ortmann 
(1913), involving extensive rearrangement of 
the mussel and crayfish fauna of the Appala- 
chian region by means of headwater captures 
across the Allegheny divide, is unconvincing. 
In part this is due to grossly inadequate data; 
the details of distribution in this region are 
largely unknown. In addition there is a large 
amount of uncontrolled speculation that makes 
Ortmann’s views unacceptable on methodologic 
grounds. Having shown that the mussel faunas 
on the two sides of the divide are almost en- 
tirely dissimilar, he weakened the argument by 
maintaining that the Atlantic slope fauna was 
originally derived from that of the interior. 
A great biogeographic trap lies before the 
writer rash enough to discuss matters like this, 
and Ortmann fell into it in an effort to deter- 
mine, from the distribution of the genera, 
where the species came from; he thus found 
himself pursuing an ever-retreating subject 
through the reaches of the early Cenozoic and 
Mesozoic. That is to say, he made the funda- 
mental and mistaken assumption that any 
distribution not demonstrably recent must be 
old. Apart from this, he failed to realize that 
when a species is apparently out of place the 
number of possible explanations is innumerable, 
and that if capture has taken place across 
divides whole segments of faunas must have 
been transferred. Starting from the dissimi- 
larity between the two faunas, Ortmann ex- 
amined the exceptions separately and invented 
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FiGuRE 23.—PrESENT DRAINAGE IN Parts OF MICHIGAN, Oxr0, INDIANA, ILLINOIS, AND WISCONSI 
Showing rivers mentioned in the text. 


a hypothesis of capture for each of them, a 
different sort of capture in nearly every case. 
The ease with which pseudo-problems in this 
field can be invented is well shown by Ortmann’s 
discussion of the fauna of the Licking River in 
Kentucky. The Licking now drains to the 
Ohio (Fig. 23); preglacially, according to Lev- 
erett, it may have formed part of the basin of 
the Kentucky, Cumberland, and Tennessee 


rivers. Tight, on the other hand, suggested that, 
like the Kanawha and other branches of the 
modern upper Ohio, the Licking was a north 
flowing stream that might have belonged to ti 
old Erigan River system, antedating the gle 
cial diversion that has produced the Ohio d 
today. According to Ortmann (1913, p. 3 
355), the Licking has an Ohio fauna, and ths 
fauna differs from that of the Tennessee ail 
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berland; therefore Tight rather than 
erett must be correct, and “this is an inter- 
instance, where zoogeography contributes 
the solution of a physiographical question.” 
But the Licking still flows to the Ohio, and its 
faunal similarity to the Ohio presents no real 
problem. The mistake is in assuming that a 
He segment of the old Tennessee-Cumberland 
|fauna would necessarily have been preserved 
unchanged since preglacial time in the modern 
Licking, or that its absence today proves that 
it never existed. There is probably no field of 
scholarly activity where it is so dangerous, and 
at the same time so tempting, to reason from 


«| negative evidence, as biogeography. 


In glaciated regions we find a number of in- 
stances where fish and mollusk distributions 
are related, or seem to be related, to drainage 
modifications during the history of the Great 
Lakes. These cases do not all help the geologist; 
.| they are usually distributions of particular 





r“2*. species, the explanation of which would not be 


&| ypparent were it not for previous work by the 
4 nhysiographer. Once the value of co-operative 
»| ork in this field is appreciated, however, it 
d| ecomes possible for the biologist to suggest 
2} olutions not previously considered by geologists 
—provided always that the biologist uses his 
data intelligently, and does not stubbornly 
cing to a geologically impossible theory. It is 
worth while, therefore, to cite a few of these 
cases, chiefly in connection with Figure 23. 

The great majority of fishes of the Great 
Lakes drainages have evidently got into the 
lakes by way of the Mississippi valley. Accounts 


-3* § of fish distribution in this region are for the 


most part confined to particular States: Gerking 
(1945) for Indiana, Greene (1935) for Wisconsin, 
Eddy and Surber (1943) for Minnesota. Hubbs 





| Les 


and Lagler (1947), however, give a more general 


SCONSIN§ summary, and the State lists are not lacking 


in cross references. As an example of the use of 
glacial connectives by fishes, the case of the 


ed that,§ sheepshead, Aplodinotus grunniens, is particu- 
of the larly instructive (Barney, 1926). This is the 
north only fresh-water representative of its family 
1 to tie (Sciaenidae), an essentially southern species, 
he gl which not only utilized the Illinois River and 
Shio dH Fort Wayne outlets to colonize the Great 
>. 35 Lakes, but must have used the River Warren 














to get into the Lake Agassiz drainage, for it now 
occurs in Lake Winnipeg and even in Lake 
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Abitibi. It is absent from the Atlantic slope. 
Moreover, a fossil occurrence is known from 
postglacial marl in Burt Lake, Michigan, south 
of the Straits of Mackinac (Hubbs, 1940). 
Hubbs thought that the fossil might be assigned 
to the Lake Nipissing phase, but the penetra- 
tion of the species into the Great Lakes must 
have been considerably earlier, as the connec- 
tion with the Mississippi was broken before 
Nipissing time. 

The earliest direct route for the penetration 
of Lake Erie was the Fort Wayne outlet of 
Lake Maumee, connecting the (now reversed) 
Maumee River with the upper Wabash, and 
hence with the Ohio. Because of later connec- 
nections, first via the Imlay-Grand River outlet 
to Lake Chicago, and later via the Straits of 
Mackinac, it is difficult to say whether the 
Fort Wayne outlet was extensively used by 
aquatic organisms. At this stage or possibly 
even earlier, however, meltwater from the re- 
treating Saginaw Lobe found distributaries 
across southern Michigan and northern Indiana 
to the Illinois River and Lake Chicago, and an 
interesting story has been made of animal dis- 
tribution in this region. Wright (1932) showed 
on zoogeographic evidence, and supported his 
argument with stratigraphic data, that the 
upper Tippecanoe received mollusks directly 
from the Illinois via the Kankakee and Iroquois, 
and not via the Wabash and lower Tippecanoe. 
Four species of snails were chosen because of 
their modern abundance and their preservation 
in marl deposits, and it was shown that they 
all had essentially the same history though their 
arrivals were not simultaneous. Similarly Gerk- 
ing (1947) finds that the minnow Notropis 
chalybeus is distributed “continuously” in the 
Kankakee and upper Tippecanoe drainages, 
but is absent from the lower Tippecanoe and 
the Wabash. This species, moreover, also oc- 
curs farther north, in the St. Joseph basin of 
Michigan, which was connected with the Kan- 
kakee via a now-dry channel at South Bend. 
Another minnow, JN. heterodon, has a similar 
pattern, but also occurs in a lake in the present 
Maumee drainage, which it may have reached 
by way of an unsuspected connection between 
the two St. Joseph rivers. 

It is curious that these species seem to have 
avoided the Wabash. The lower Tippecanoe 
evidently arose by a recent capture, for it 
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cuts through the Packerton moraine system 
while the upper Tippecanoe lies behind and 
parallel to the moraine. A change in ecologic 
conditions might explain the barrier to dis- 
tribution downstream in the Tippecanoe but 
does not explain the apparently original absence 
from the Wabash. Possibly the Fort Wayne 
outlet was not in existence when the species 
reached northern Indiana, for it is thought that 
the Saginaw Lobe began its retreat while the 
Huron-Erie Lobe still occupied the basins of 
those lakes. It would be remarkable, however, 
if a species still living in Indiana were capable 
of approaching so closely to a large ice sheet. 
It seems more likely that the Wabash was un- 
inhabitable for the species for some other reason, 
perhaps because it carried too much meltwater 
too rapidly from the Huron-Erie Lobe. In 
either case these examples are extremely inter- 
esting geologically, even though their meaning 
is not altogether clear. 

Van der Schalie (1938a; 1941) contributes to 
this general subject some cases of mussel dis- 
tribution farther north. In connection with the 
Grand River outlet of Lake Warren, the mussel 
Actinonaias ellipsiformis occurs in the Saginaw 
drainage at the Imlay end of the old channel, 
in the Grand, and in the St. Joseph and rivers 
farther south, but not in Lake Michigan, an 
important point, as only fluviatile species should 
be considered in such matters. Unlike most 
other Grand River species, however, this mussel 
is lacking from the Muskegon, though there 

. was a late-glacial connection between the Mus- 
kegon and lower Grand via the River Rouge. 
This may mean “that it invaded the Grand 
River drainage at a period when the connection 
between that river and the Muskegon no longer 
existed, but before the severance of the con- 
fluence between the Saginaw and Grand River 
drainages” (1941, p. 305). On the other hand, 
Lampsilis fasciola apparently never used the 
Grand River outlet, for in Michigan it is con- 
fined to the Lake St. Clair-Lake Erie drainage. 
Van der Schalie (1938a), following Ortmann, 
believes that it used the Fort Wayne outlet; 
moreover, it is one of three species now dis- 
continuously distributed in the Huron, Raisin, 
and Clinton rivers and absent from Lake Erie, 
a pattern that is supposed to reflect a system of 
tributaries to an east-flowing but longer 
Maumee River at a time when the Trent and 
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Mohawk outlets were in use and Lake Erie 
nearly dry. This seems more questionable. 

These examples seem to require a conside 
able amount of migration by warm-temperat 
species through glacial meltwater. Stratigraphi¢ 
data are inadequate to show how reasonable 
this may be, and there is a large field here for 
further research. Data from deposits of Lake 
Chicago, however (Baker, 1920), though ip 
need of reworking, suggest that an essentially 
modern fauna and flora were established sur. 
prisingly early. 

A number of species of fishes and mollusks 
evidently used connectives no longer existing 
in their invasion of Wisconsin. In fact a tabula- 
tion based on Greene’s (1935) detailed con- 
sideration of the distribution of Wisconsin fishes 
shows that 87 species and subspecies probably 
used late-glacial distributaries, such as the For 
and Rock River outlets of glacial Lake Oshkosh, 
the St. Croix outlet of Lake Duluth, and the 
connections between Lake Agassiz and the 
Mississippi, while an additional 20 used the 
more southern outlets of Lakes Maumee and 
Chicago; 23 forms must be classified as doubtful 
users of at least the northern routes of dispersal 
and only 16 definitely did not use glacial 
waters.'* Thus the discovery that the mussels 
of the Menominee River, now tributary to 
Green Bay, are those of the Wisconsin High- 
lands rather than of the remainder of the 
Upper Peninsula of Michigan (Goodrich and 
Van der Schalie, 1939) is not surprising; these 
species evidently came up from the Wisconsin 
River via the Fox River valley before the post- 
glacial reversal of the Fox. 

The situation in the Johnny darters is par- 
ticularly interesting. Boleosoma nigrum eulepis 
is common in western Wisconsin, but als 
crossed into the drainage of the Fox and is 
present above now-impassable falls in north- 
eastern Wisconsin. Thus it used glacial waters, 
and its center of redistribution was presumably 
in the Driftless Area. Here it doubtless differ. 
entiated in isolation from B. n. nigrum, which 
must have occupied the Mississippi Valley 
beyond the ice during the last glaciation 
Despite the fact that eulepis had a more 





16 The corrections of certain distribution records 
by Hubbs (1945), though directed primarily to 
nesota fishes (Eddy and Surber, 1943), also affects 
few of Greene’s cases. 























northerly refuge than nigrum, nigrum is the 
subspecies of northern Wisconsin, has also 
entered the Lake Agassiz drainage, and occurs 
ial in the Hudson Bay streams of northern Ontario 
and Quebec (Radforth, 1944). It appears that 
} is the more agressive form in competi- 

tin, no doubt because its refuge area was 
larger, so that ewlepis may be said to show the 
hough in} “Sewell Wright effect” of biotype depletion. A 
third subspecies, olmstedi, occurs in southern 
Ontario and the Maritime Provinces and south 
to North Carolina, and clearly represents the 
Atlantic coastal-plain segregate of the parental 
population. 

Following the ice sheet still farther north, 
Radforth (1944) gives important data on the 
recolonization of Ontario by fishes. For the 
southern part of the province nothing essen- 
tially new is provided, although the inclusion of 
Lakes Erie and Ontario in the account gives 





and the | opportunity to discuss invasion from the Atlan- 
and the} tic coastal-plain refuge as well as from the 
used the | Mississippi valley. In the far north, however, 
mee and | where both the fishes and the geology are poorly 
doubtful | known, some more obscure but highly interest- 
dispersal | ing cases suggest connection between Lake 
> glacial | Agassiz and the western part of Lake Ojibway. 
mussels | The goldeye, Amphiodon alosoides (Fig. 24), is 
itary to} one of the few species (the sheepshead being 
in High- | another) that has reached Ontario solely by 
of the | way of Lake Agassiz, to judge from its absence 
‘ich and | on the Atlantic side of the divide. In addition 
G; these } to the range in the Lake of the Woods region, 
isconsin | there is a widely disjunct population in the Lake 
he post- f Abitibi area. Similarly, Imostoma shumardi, the 
river darter, has an apparently relict outlier to 

} 1S pat F the eastward in Lake Attawapiskat, and Hiodon 
| eulepis | lergisus, the mooneye, occurs in the Moose River 
ut also} drainage of James Bay. Unless these species 
and is went down the Nelson River outlet of Lake 

north F Agassiz to Hudson Bay and then back upstream 
waters, § to their present stiuations, which is most im- 


probable from our present understanding of 
their ecology, they have been distributed across 


, Which F northern Ontario by late-glacial connectives 
Valley that have not yet been worked out geologically. 
ciation. § It is also of interest that at least one Atlantic- 


slope species, the fallfish, Leucosomus corporalis, 
has evidently crossed the divide northwest of 
Lake St. John, Quebec, to reach Moose River, 
thus failing to utilize the Temiskaming connec- 
tive postulated by Potter as involved in the 
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distribution of strand plants, but using the one 
recommended by La Rocque (1949). 

In summary, the implication of such dis- 
tribution patterns among fishes and mollusks 
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FicureE 24.—Map oF ONTARIO, SHOWING DisTRIBU- 
TION OF THE GOLDEYE, Am phiodon alosoides 


This pattern is apparently related to oe 
connectives across Ontario from Lake 
Lake Ojibway. Redrawn from Radforth (1944, Tig. 
29); there is a misprint in the legend of the original. 


is most remarkable geologically. That any given 
species should have crossed a divide that carried 
water during deglaciation might not be surpris- 
ing, and in fact, if its occurrence were an 
isolated event, a cautious biologist would pre- 
sume that the crossing had taken place by some 
accidental means such as transportation by a 
water bird. But in the recolonization of the 
Great Lakes and their tributary watersheds 
there is convincing evidence of large-scale mi- 
gration across regions at present impassable, for 
it must not be forgotten that all the Great 
Lakes drain to the St. Lawrence while their 
fauna obviously came from the Mississippi. It 
is the proportion of species that have utilized 
late-glacial connectives that stands out so 
prominently; for example only 16 out of 146 
Wisconsin fishes can be shown not to have 
migrated through glacial waters. Though the 
evidence that some the remainder did so is 
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doubtless debatable, there are enough clear 
cases to indicate that the lakes and streams 
carrying glacial meltwater must have been con- 
siderably warmer than one might have sup- 
posed. Ultimately, perhaps, isotherms for vari- 
ous stages of the deglaciation may be established 
by this means. At present it can only be pointed 
out that modern distribution patterns of aquatic 
forms in general agree with the fossil evidence 
that parts of the great glacial lakes, though no 
doubt colder than their descendants today, 
were definitely not arctic. Coleman (1922), for 
example, points out that all the mollusks known 
from deposits of Lake Agassiz are still living in 
Lake Winnipeg. A subarctic tundra zone must 
have followed the retreating ice front across the 
northern United States and Canada, and the 
writer is convinced that remains of it will 
eventually be found in the apparently un- 
fossiliferous deposits antedating those from 
which the known fossils come. But the tundra 
must have been very narrow and impermanent, 
and the modern flora and fauna immigrated 
astonishingly early. 


Western North America During the Pleistocene 


Larger problems.—The western part of North 
America, including the Cordillera, the Great 
Basin, the Pacific slope, and Alaska, presents 
Pleistocene problems significantly different from 
those of eastern North America. Much of this 
region is arid or semiarid, and there is reason to 
think that the aridity is in part the result of 
orogenic movements that have lifted mountain 
ranges athwart the path of moisture-laden air 
masses from the Pacific, the date of some of the 
orogeny itself being Pleistocene. Continental 
glaciation scarcely reached south of the Cana- 
dian border, and within the United States the 
story of glaciation is one of isolated ice sheets 
capping or spreading out from independent 
mountain centers, a situation that has led to the 
recognition of many local stratigraphic columns 
but little general correlation. The marine Pleis- 
tocene of California might be said to be moder- 
ately well known (Gale, 1931), but the orogenic 
movements introduce such a serious complica- 
tion there that general agreement ‘on correla- 
tions with Pleistocene sections elsewhere in the 
world may be long in coming. 

Biogeographers writing on the problems of the 





West have had comparatively little to say aboy 
glacial climates of the Pleistocene. Kiichle 
(1946) has discussed the remarkable poverty 
the northwestern forests in broadleaf decidyoy 
trees and attributes it to a combination 
topographic and climatic peculiarities, including 


quest (1948), have seen in glaciation a powerfyl i 
agent in the isolation of faunas and the forms. 


origin of local variation in the bee Hoplitisi 
albifrons by Michener, 1947) and have specy-fglaci 


reasons for existing ranges. It is profitable to dofbeen S 
this now that the mammals of W. 
(Dalquest) and Idaho (Davis, 1939) are moder. tudes 
ately well known. The leading biogeographic present 
problem of the West is, however, one of pluvial fhave in 
rather than glacial climates. Much can be [pressur 
written on this subject even from existing | deserts 
knowledge. However, though the present-day § pressur 
distribution of animals and plants would in}lutely.. 
many cases be inexplicable if we did not know§ distribt 
that the climate of the region was more humid § southw 
during certain stages of the Pleistocene, and f souther 
though the biogeographer calls the attention of f and a 
the geologist to these matters, the evidence is 
not of a nature to carry us very far. Just as we 
have seen it to be very difficult if not impossible 
to get convincing proof of multiple glaciaton in 
glaciated regions when we know only the pres 
ent ranges of species, probably all the facts of 
terrestrial and fresh-water biogeography in the 
West could be explained on the basis of a single 
pluvial age. We know of course that there have 
been at least two major pluvials in the history 
of Lake Bonneville, and it is not unreasonable 
to expect future evidence to support a cor 
ception of three late-Pleistocene pluvial age 
or subages: one is perhaps to be correlated with 
the Illinoian glacial stage, and the other two 
with the Iowan and one other Wisconsin sub 
stage. Proof of this will have to come from 
orthodox stratigraphy, however, and any infer 
ence of cyclic shifts from pluvial to interpluvial 
based on existing distribution without stratt 
graphic documentation can be no more than ai 
inference. 

Another matter deserves emphasis, as 
points to the value of western North Ameria 
as a theater of operations in obtaining the sot 
tion of certain theoretical problems posed by 
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he Pleistocene epoch as a whole. The evidence 

. bf pluvial climates in the Great Basin and in 
oiither semiarid regions of the world has been 
uipefore the world in tangible form for at least 50 
It would be naive, therefore, if the 
ineMiogeographer should spend his entire time 
Hiscussing Whether or not the existence of 
moister Pleistocene climates is a valid deduction 

om existing geographic distribution. The real 


‘But where their influence was felt. Under a 
olacial climatic regime the thermal gradient 
between the equator and the poles must have 

ble to dof been ctor and steeper, and storm tracks 
shington facross the northern continents in middle lati- 
e moder. tudesmust have taken courses far south of their 
ographie | present ones. Thus moisture-laden winds must 
f pluvial fhave infringed on the subtropical zone of high 
can befpressure that is mainly responsible for the 
existing fdeserts of the world. But the belts of higher 
sent-day | pressure cannot have been dispensed with abso- 
in flutely. Neither can the whole system of pressure 
ot know fdistribution have been displaced indefinitely 
e humid § southward, unless glaciation in the northern and 
ene, and§southern hemispheres was strictly alternating 
sntion of fand a corresponding northward displacement 
isf took place during southern-hemisphere glaci- 
ations. The latter conception is at variance with 
present knowledge and theory. Therefore we 
shall have to face the question, whether the 
desert barrier that now opposes the southward 
migration of north-temperate organisms was 
obliterated during the Pleistocene, or merely 
somewhat debilitated. That there has been 
biogeographic leakage into the tropics across 
northern-hemisphere deserts is obvious, but 
much remains to be done before the character 
of this leakage is fully understood. If all deserts, 
tropical as well as subtropical, were moister 
during the Pleistocene, organisms ought to have 
crossed everywhere and in all directions. If, on 
the other hand, desert zones were merely dis- 
placed southward, organisms should have 
crossed only in proportion to their pre-existing 
adaptations for desert conditions; in other 
+§ words the limit of southward dispersal of an 
organism across a moistened desert should have 
been a function of the latitude from which it 

started. 
On the solution of questions like this depends 
the ultimate correlation of glacial and pluvial 
ages, a matterof great concern to the geography 
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of Africa. In Africa the utilization of biogeo- 
graphic data in this problem is hampered by the 
long-continued existence of a water barrier 
between the moist-temperate and the dry sub- 
tropical zones. It is safe to suppose that only a 
relatively few species could pass the double 
hurdle, even when the climates were favorable. 
In North America, on the other hand, a land 
mass stretches continuously from glaciated high 
latitudes deep into the humid tropics, so that 
the configuration is, at least potentially, much 
more favorable for study than that of the 
Eurasiatic-African land mass. 

The importance of this point, and some of the 
difficulties it presents, are plain when we remem- 
ber that Meinzer (1922), from the study of 
his map of the Pleistocene lakes in the Great 
Basin, concluded that the driest parts of the 
region were about as moist during a pluvial age 
as the moistest parts are today—i.e., that 
Arizona was comparable to present-day Oregon, 
while Oregon in turn was also much moister. 
Thus Meinzer maintained that the north-south 
gradient of moisture prevailed during the Pleis- 
tocene, while the absolute magnitudes were 
shifted. Much has been made of this conclusion 
by biogeographers such as Epling (in Dob- 
zhansky and Epling, 1944), who discount the 
significance of the pluvial climates as factors 
responsible for existing ranges of species. It is a 
matter of the utmost importance, therefore, 
to learn whether Meinzer’s view is valid, or 
whether it was based on inadequate data. So 
little is known of the Pleistocene geology of 
Mexico that the writer strongly suspects the 
latter to be the case. But judgment must be 
reserved for the present, and in the following 
sections attention will be mainly confined to 
the Great Basin itself, the larger implications 
being left for future research. 

Fishes of the Great Basin (See map, Fig. 25.)— 
The fascination of the fishes of the Great Basin 
waters is not confined to the field of biogeog- 
raphy. When a biologist stands on the floor of a 
great Pleistocene lake, whose strand lines are 
clearly visible on the mountainsides all around 
him, but whose waters have shrunk until a few 
short streams and isolated springs are the only 
remaining traces of fresh water in the midst of 
a desert, his imagination is likely to be captured 
by the occurrence of a dense population of 
fishes and other aquatic organisms in those 
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FicurE 25.—Map OF THE PRINCIPAL DRAINAGE BASINS OF THE WESTERN UNITED STATES 


Of the several independent portions of the Great Basin that may or may not have been independent 
during the Pleistocene, only the Death Valley system is shown separately. 


waters. Knowing the importance of geographic _ be astonishing enough if any fishes had survived 
isolation and of small breeding populations in through a history of desiccation lasting for 
evolution (as deduced from genetic theory), he thousands of years; that a large proportion d 
cannot overlook the fact that a natural experi- the springs and streams in desert basins stil 
ment in the mechanics of speciation has been _ harbor fishes is virtually incredible, yet it 8 
performed for him on a colossal scale. It would true. Not only are populations of species small 














24 


iDE 


. 


. 


4. 











A 5 


as for example the entire lot of Cyprinodon 
jiabolis, a well-marked species, probably fluctu- 
ates between 50 and 400 annually (Miller, 
1948); it is also an inevitable result of the 
ic configuration that instead of a large 
and indifferent fauna belonging to the region, 
plus 4 few interesting but debatable relicts 
belonging to an earlier time, the whole 
fish founa of the Great Basin is made up of 
Pleistocene relicts (and their descendants). The 
implications of this fact are staggering, though 
they are just beginning to penetrate the con- 
scousness Of the evolutionary biologist. Pos- 
sibly there are other areas whose entire fauna 
consists of relicts, but seldom is it possible to 
prove it so convincingly and dramatically. 
In this review, however, we shall have to 
ignore the strictly biologic questions raised by 
the fishes of the Great Basin, and concentrate 
on the biogeographic aspects, to show how 
useful such studies can be to the geographer. 
The subject has recently been presented in great 
detail by Hubbs and Miller (1948), though in- 
completeness of the taxonomic work leads them 
to regard the monograph as no more than a 
progress report. 
The discussion of the Lake Bonneville fauna 
isshorter than might have been expected. There 
are 12 genera, two of which are endemic 
(Iotichthys and Snyderichthys), 22 species, and 
about 28 forms in all, including subspecies. The 
Lake Lahontan system, no doubt because of its 
greater disruption since the time of its maximum 
expansion, has a smaller number of genera (10, 
one endemic) and species (13, 8 endemic) but a 
larger number of subspecies (about 30). Re- 
garding connections of Lake Bonneville with 
adjacent basins, there are obscure indications 
that some species may have come in from the 
Colorado system. The sucker Pantosteus jordani 
and the dace Rhinichthys osculus could have 
been transferred from the south by capture of 
headwaters or by alternating discharge of drain- 
age over divides composed of alluvial fans. 
Some of these transfers may be taking place 
today, but those known to have taken place in 
the recent past are confined to headwaters 
species, and there is no ichthyologic basis for a 
belief in general drainage of Lake Bonneville to 
the Colorado. Connections in a northerly direc- 















tion are more definite, as would be expected 
from the fact, established on physiographic evi- 
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dence, that Lake Bonneville discharged to the 
Snake River and thence to the Columbia. Some 
of the upper tributaries of the Snake have an 
essentially Bonneville fauna; for example, Sny- 
derichthys copei occurs in the Wood River. The 
fish data, though inadequately detailed, indi- 
cate that most of the upper Snake fauna was 
destroyed by lava flows, for the endemic genera 
of the Columbia and the semimarine types 
(lampreys, sturgeons, salmons) are lacking 
above the falls. Some of the headwaters escaped 
destruction, however, and still preserve Colum- 
bia, non-Bonneville types (three suckers and a 
sculpin), while the Lost River group of streams 
also seems to preserve species belonging to the 
old Snake rather than the new one (the Dolly 
Varden, an endemic subspecies of cutthroat 
trout, and 5 localized endemic races of Cottus). 
The destruction of the fauna antedates the 
overflow of Lake Bonneville; when the overflow 
took place some Bonneville types, including one 
of the endemic genera (Snyderichthys), repopu- 
lated the streams of the Snake plateau, while 
by the same route some Columbia types (such 
as Richardsonius balteatus hydrophlox, which 
occurs above falls elsewhere in the Columbia 
system) were able to enter Lake Bonneville. 
The authors believe that at least the endemic 
Totichthys and the Utah Lake sucker Chasmistes 
liorus existed in the Bonneville basin before the 
time of discharge, but where these species came 
from is not clear. That is to say, the mystery of 
the origin of the peculiar fauna of Lake Bonne- 
ville is not cleared up by the discovery of the 
transitory connection with the Snake. Another 
mystery is the occurrence of an endemic cisco 
Leucichthys gemmifer (a ‘“‘subarctic relict”) and 
two other endemic forms of the same family in 
Bear Lake, which was tributary to Lake Bonne- 
ville but outside its highest shore lines. 

Lake Lahontan presents a similar problem. 
Its present remnants, such as Pyramid Lake, 
contain some highly peculiar types, yet there 
are obscure suggestions of pluvial connections 
with adjacent basins and with the ocean. Pleis- 
tocene fossils from the beds of Lake Lahontan 
include a stickleback, Gasterosteus doryssus, and 
a killifish, Fundulus nevadensis. These are low- 
land, coastal and semimarine types, and it is 
suggested that the Great Basin of Nevada was 
a coastal lowland as recently as early Pleistocene 
time. This is perhaps too sweeping an inference, 
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but it is remarkable that living Fundulus and 
Gasterosteus occur in the coastal waters of the 
Southwest, while two species of Fundulus are 
known as fossils from Death Valley, a third is 
known from the Mohave Desert (Miller, 1945), 
and two living genera believed to be derived 
from Fundulus (Empetrichihys and Crenichthys) 
are endemic in this region, the first to the Death 
Valley system and the second to disrupted 
pluvial tributaries of the Colorado River. All 
the known early connections of Lake Lahontan, 
therefore, are to the southwest, and there may 
well have been an early Pleistocene river sys- 
tem, if not an arm of the sea, in this region, now 
irretrievably broken up by later Pleistocene 
orogeny. 

There is no evidence, either physiographic or 
ichthyologic, that Lake Lahontan had an outlet 
to the sea during the stage of its definitely 
recorded high-water level. A large number of 
now-isolated basins to the north, east, south, 
and west formerly held lakes tributary to the 
main lake, and some of these still retain a 
Lahontan fish fauna, while others, particularly 
to the south, are now fishless. The best indi- 
cation of a connection with one of the adjacent 
major basins comes from the Klamath drainage 
in Oregon, and this indication is very weak. 
The Klamath system, though it now discharges 
to the sea, was formerly a basin of interior 
drainage and has a highly distinctive fauna: 10 
endemic species out of 25, and one endemic 
genus (the sucker Deltistes) out of 13. No 
typically Lahontan species occurs, but the 
three suckers of the genus Chasmistes are most 
closely related to C. cujus of Pyramid Lake and 
C. liorus of Utah Lake (in the Bonneville basin). 
Even this equivocal evidence of former relation- 
ships is weakened by the discovery of fossil 
Chasmistes in the beds of Fort Rock Lake, for 
this lake may have drained to the Columbia. As 
the Klamath fauna is composed on the one hand 
of sharply differentiated endemics and on the 
other of species either the same as or closely 
related to widely distributed forms in the 
Columbia, Sacramento, and other rivers, it is 
safe to say that if Lake Lahontan discharged 
this way it must have been a long time ago. 
The two basins are not now adjacent; between 
them are several independent basins, which 
either have no fishes or else have nonindicative 
species, and also Goose Lake, now tributary to 





the Sacramento. There is some evidence, ho 
ever, that Goose Lake and its outlet, Pit Rive! 
have been captured from the Klamath by th 
Sacramento, so that the present geograp 
would not disprove the idea of a Lake Lahonta 
Klamath connection if there were stronge 
supporting evidence. 
The classic problem, whether all the lakes gi 
the Lahontan basin dried up during postpluyi 
desiccation, to form once more after the xer 
thermic interval or its equivalent, is dismi 
by Hubbs and Miller with the statement 
are inclined to favor Hutchinson’s (1937) arg 
ment” (1948, p. 41). Hutchinson pointed ou! 
that the idea that all the lakes of the Lahontan) Colorad 


been kept fresh by overflow. Freshening by} River az 
desiccation and deflation, however, has prob) {ur spe 
ably been a commoner process in the Greg Cyprinod 
Basin. The most interesting new facts bearing 

on the postpluvial history of Lake Lahont: 

come from the archaeologic horizon of Lovelock 

Cave, where samples of the ancient fishes 
Humboldt River or Humboldt Lake have bee 
preserved. They include a large sucker, pre 
sumably Chasmistes cujus, and many lake chub 

among them apparent hybrids between 
lacustrine Siphateles obesus pectinifer and thy” 
fluviatile S. 0. obesus. This hybridization 

going on today, and in fact it is the basis 

the removal of pectinifer from the genus 

cidius, which Snyder erected for it, and i 
recognition as a subspecies of obesus. 

The most satisfactory treatment is that of tht 
Death Valley system, for here the data are me 
nearly complete, the cyprinodontid fishes i 
particular having been thoroughly studied b 
Miller (1946; 1948). Ranking third in area a 
in faunal diversity among the western basins 
interior drainage, this was an integrated hyd 
graphic system during one or more pluvial age 
the Owens, Mohave, and Amargosa Rivers 
having drained through a series of large, de 
lakes to Lake Manly in Death Valley. That # 
basin has been isolated for a long time is in@ 
cated by the marked differentiation of 
fishes; one of the 5 genera (Empetrichthys) 

8 of the 10 species are endemic. That there 
an “earlier pluvial” connection with the 


BIOGEOGRAPHY OF PLEISTOCENE 


rado, however, can scarcely be doubted. The 
physiographic evidence for this is slight, pre- 
sumably because subsequent volcanism and 
erosion have broken the continuity of the old 


‘E drainage; the most likely route, however, is to 


the southeast of Death Valley via a series of 


"tT structural troughs. The ichthyologic evidence 
J consists of the present occurrence of the two 
a cyprinodontid genera, Cyprinodon and Em- 
| perichhys, and of the fossil occurrence of 


nt 
1) arg 
ted out 
:hontan| 
; incon. 
marked 
ce, and 
st have 
ing by 
$ prob 


ee Cyprinodon and Fundulus. The only other Cy- 
| jrinadon species known west of the Rio Grande 


is C. macularius, and it is confined to the Colo- 
rado, Pleistocene disruption of parts of the old 
Colorado system has led to the production of 
two endemic genera of funduline cyprino- 
dontids, Empetrichthys with two species and 
four subspecies in the Death Valley system and 
Crenichthys with two species in pluvial White 
River and in the Railroad valley. In addition, 
four species and at least nine subspecies of 


aii Cyprinodon occur today in fragmented parts of 


of the Death Valley system. 


Toacertain extent the argument for Colorado 
derivation of this fauna rests on negative evi- 


~. of dence—i.e., the absence of Cyprinodon and of 


derivatives of Fundulus elsewhere in the West, 


fiand the absence in Death Valley of typical 


elements of other faunas. It could perhaps be 


Jargued that the transfers, though doubtless 
from the Colorado, were casual, and that the 
ap high degree of endemism is due to adaptive 


fee 


-¢ 


ss 


asta em? Ee 


radiation in a drainage basin that had some 
other connection with the ocean or none at all. 
But two such introductions (Fundulus and 
Cyprinodon) are required, and as both point in 
the same direction the connection seems likely 
to have been more than casual. 

Not all the Death Valley fauna came from the 
Colorado, for the minnow Siphateles (with two 
species, mohavensis in the Mohave River and an 
unnamed subspecies, apparently of S. obesus, in 
the Owens River) is unknown in the Colorado. 


i These fishes, and probably the Owens River 


Catostomus, which is closely allied to C. tahoensis 
from Lake Tahoe, evidently came in from the 


ya Lahontan basin to the north. The evidence of 
@ this transfer would probably be strongerif Mono 


Lake were not without native fishes, recent 
volcanism in this region having obliterated the 
faunistic and some of the physiographic evi- 


jdence for the hydrographic connection. The 
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Owens River Cyprinodon, C. radiosus, is the 
most primitive form—i.e., the closest to C. 
macularius of the Colorado. It appears that the 
drainage of Lake Lahontan to Owens River via 
Mono Lake could have taken place during the 
last pluvial age, and that the fish distribution 
does not imply a connection at the earlier time 
when Death Valley was acquiring its original 
fauna from the Colorado. The early discharge 
of Lake Lahontan to the sea may have been in 
this direction, as discussed above, but whether 
it took place through Death Valley or by a more 
easterly route cannot be settled without more 
fossil evidence. The beds of all these Pleis- 
tocene lakes are probably rich storehouses of 
fossils, and a huge field of research lies waiting 
there. 

The only remaining fish found in the Death 
Valley system is the dace Rhinichthys, with one 
form in the Owens River and another in the 
Amargosa. These are headwaters types, well 
adapted to dispersal across divides by capture, 
and there is physiographic evidence of capture 
of some Las Vegas (Colorado) drainage by 
tributaries of the Amargosa. Whether the Owens 
River form came in by the same capture or a 
different one is problematical; in any case it is 
most improbable that any cyprinodontids 
entered Death Valley by such a means. 

This discussion may be appropriately con- 
cluded with some remarks on the present and 
on the future state of this kind of research. 
First, Hubbs and his colleagues deserve the 
highest praise for the energetic and intelligent 
way in which they have approached the prob- 
lem, surely one of the most exciting subjects in 
all biogeography. Second, -we need to know 
much more of the Pleistocene hydrography and 
biogeography of Mexico, in order to see how far 
southward pluvial climates extended and to 
what extent pluvial ages in the tropics can be 
correlated with pluvial and glacial ages in 
higher latitudes. That the Rio Lerma drainage 
has been disrupted much as has that of the parts 
of the Great Basin is reasonably clear, but we 
know virtually nothing of the territory between 
the Lerma and the Colorado. Even for the 
Lerma system the information, largely from 
Meek (1904), is out of date and tantalizing 
rather than convincing. Finally, these disrupted 
systems contain many aquatic organisms other 
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than fishes, but so far they have scarcely been 
touched. 

Chromosome races of Drosophila pseudo- 
obscura.—Nothing better illustrates the scope 


OLYMPIC (&) 


a ied 


ESTES PARK (A}€——TREE LINE (A) ————> HIDALGO (a) 
SAN JACINTO (A)€——CHIRICAHUA (A)€——SANTA CRUZ ik 
MIRANDA -+-++++------HY¥ POTHE TICAL 


TEXAS (A) qa PIKES PEAK (A) €——STANDARD (A8.8)-——>ARROWHEAD (A)———> COCHISE 


SEQUOIA (8) 


COWICHAN (8) 


and scientific importance of Pleistocene biogeog- 
raphy than the necessity of jumping directly 
from a consideration of fish distribution to one 
of Drosophila genetics. That the two subjects 
have anything in common would doubtless have 
been inconceivable to Mendel, but the fact is 
that they are intimately related. The important 
discovery of Dobzhansky and his coworkers, 
that there are naturally occurring strains of 
Drosophila differing principally in the arrange- 
ment of genes along their chromosomes, has 
been discussed above. It is proper now to give 
an account of such races of Drosophila pseudo- 
obscura (Dobzhansky and Epling, 1944), dis- 
tinguished on the basis of overlapping inversions 
in the third chromosome, and of the inferences 
that seem to follow from a consideration of their 
geographic distribution. The vitality of this 
relatively new subject can be judged from the 





PLEISTOCENE RESEARCH 


KLAMATH (8) 


WAWONA (8 
FIGURE 26.— PHYLOGENY OF THE GENE ARRANGEMENTS IN THE THIRD CHROMOSOME OF Drosophila pseult- 
obscura (A) AND D. persimilis (B) 
From Dobzhansky (Fig. 5), is Dobzhansky and Epling (1944). 











fact that the first discussion by Epling ( 
Dobzhansky and Epling, 1944) was j 
ately followed by a symposium (Mayr, { 
Stebbins, 1945; Simpson, 1945) in which 
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divergent interpretations of the data were put 
forward. 

The phylogeny of the gene arrangements i 
D. pseudoobscura and D. persimilis (formerly 
called D. pseudoobscura race B) is shown i 
Figure 26. One arrangement, Standard, is com- 
mon to the two species. The assumption that 
the arrangement called Hypothetical is a- 
cestral fixes the phylogeny, and this is reaso- 
able since the arrangement is closely similar 
the one occuring in a third species, D. mironds. 
The common ancestor of the three species may 
no longer exist, but there are two fundamental} 
different entities, called phylads, within tk 
species pseudoobscura, one of which (the Stant 
ard phylad) is more closely related to persimili 
than the other (the Santa Cruz phylad). We 
are not concerned here with the genetic mech- 
nism by which these arrangements are perpett- 
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ated in the species population; it is sufficient to 
know that pseudoobscura populations are in 
general discontinuously distributed, particu- 
larly in the Great Basin where they occupy 
montane islands in a sea of desert, that the 
frequency of occurrence of a given arrangement 
in a given locality is believed to be constant 
(with certain exceptions of a cyclic nature dis- 
cussed by Dobzhansky, 1947), and that the 
arrangements are evidently associated with 
gene contents that adapt the flies to the environ- 
ment in which the arrangements occur and are 
less well adapted to other environments in 
which other arrangements occur. Thus, though 
there is no reproductive isolation within the 
species, there is geographic isolation of a sort, 
and at least two species might be said to be in 
statu nascendi. 

The two phylads of pseudoobscura differ sig- 
nificantly in their geographic distribution (Fig. 
27). Standard and its secondary derivatives 
Pikes Peak and Arrowhead are largely confined 
to the United States, avoiding southern Mexico 
altogether, and the phylad seems to center in 
the Great Basin. This is taken by both Epling 
and Mayr to mean that it arose (i.e., is associ- 
ated with gene contents that are better adapted) 
in a drier climate than that characterized by the 
Santa Cruz phylad. Santa Cruz and its deriva- 
tives have a strikingly disjunct range, centering 
in the coast ranges, in highland Mexico, and in 
highland Guatemala, but the only Santa Cruz 
arrangement occurring with appreciable fre- 
quency in the Great Basin is Chiricahua. 

The disjunct pattern of the Santa Cruz 
phylad certainly requires an explanation, and 
the most reasonable hypothesis would appear to 
be one involving spread from the western 
United States along the Cordilleran highlands 
into Mexico and Guatemala during one or 
more pluvial ages, followed by disjunction as a 
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type, holarctic in distribution during 
Eocene, expanded southward to Mexico ayf i 
Guatemala during the Miocene. With coolig 
and desiccation of the western part of th 
continent during late Miocene and Pliogs 

time, elements of this forest became ecologically 
and geographically segregated from each othe 
On the other hand, more xeric types of veget,. 
tion, in particular the Madro-Tertiary forey 
that was centered in the northern Mexicy 
highland before the Miocene, spread mor 
widely during the Miocene and Pliocene, fh 
part as a result of uplift of the western Unitej 
States during late Miocene and early Pliocene 
which brought the Great Basin into the raip 
shadow of coastal ranges, elements of this 
sclerophyll woodland reached as far north a 
the Columbia Plateau. By subsequent restric. 
tion and ecologic differentiation the Madr 
Tertiary forest or savanna has retreated to the 
southwestern United States and northem 
Mexico, where it still forms a wedge betwen 
the disrupted remnants of the Arcto-Tertiay 
forest. 

The fact that the chromosome races of the 
Santa Cruz phylad avoid the region that is 
essentially Madro-Tertiary in climate and vege 
tation and are disjunct with the remnants d 
the Arcto-Tertiary forest seems to Epling mor 
than a coincidence. He points out that many 
genera and families and even a few species show 
almost identical patterns, and that Drosophila 
pseudoobscura resembles these plants even mor 
closely in belonging to a species group witha 
disjunct European-western North American 
Guatemalan distribution. A familiar examples 
Chimaphila umbellata, the pipsissewa. He nots 
also the geologic evidence that the low-lying, 
humid Isthmus of Tehuantepec, where Dre 
sophila pseudoobscura does not now occur, was 


merged in late Miocene and Pliocene, and) Whether t 
uplifted (though not higher than today) in they Md, and ir 
Pleistocene. He supposes that the Santa Cru} ‘0 find th 
phylad, because it occurs on highlands at both} taminatec 
ends of the Isthmus of Tehuantepec, anif by the ta 
because it belongs to the Eocene and Oligoce that the ; 
Arcto-Tertiary forest, is at least as old & i 
Miocene. (On this hypothesis the secondaryitg [In view 
version Tree Line and the tertiary inversiag™ the la: 
Olympic must also be as old as the Are changes i 


result of postpluvial warming and desiccation. 
Epling, however, in a closely reasoned argu- 
ment, supports a hypothesis of vastly greater 
age. Leaning heavily on the brilliant work of 
the paleobotanists Chaney, Berry, Axelrod, and 
others (a fuller summary of which is available 
in Cain, 1944a), Epling discusses the migration 
and restriction of two major forest types from 
the Eocene to the present. On the one hand the 
Arcto-Tertiary forest, a moist, warm-temperate 














g thy Tertiary forest, while Oaxaca, another tertiary 
0 ay inversion, must antedate the submergence of 
the Isthmus of Tehuantepec.) In support of this 
preath-taking concept Epling cites evidence 
that evolution in insects has virtually ceased 
since the Oligocene. (Stebbins goes further and 
maintains, erroneously according to Simpson, 
that the genus Drosophila occurs in the Baltic 
amber.) He also reviews the available data on 
Pleistocene climates and concludes that outside 
the glaciated regions conditions during the 
Pleistocene were so little different from today 
that one must go farther back in time to find 
adequate causes for the spread and the later 
disjunction of the Santa Cruz phylad. 

Mayr, who initiated the symposium on 
as} Epling’s theory, was not slow to challenge the 
high antiquity postulated for the present range 
of an existing species. In effect, he took his 
customary position, derived fundamentally 
from the study of island faunas, that the powers 
of dispersal of organisms have been enormously 
underrated by biogeographers, and that even 
Pkistocene relicts are improbable among winged 
forms. Mayr has few equals in a polemic of this 
sort, and he made the characteristic remark 
that “the gap between the Mexican and the 
Californian ranges of Santa Cruz could easily 
be bridged by a ten-hour drift of a gravid 
female during a heavy storm” (1945, p. 77). In 
taking this position Mayr has undoubtedly 
gone too far; heavy storms and other modern 
methods of dispersal are scarcely likely to have 
carried all the disjunct plants at the same time, 
and the problem of relicts cannot be so lightly 

The arguments of Stebbins and Simpson 
largely cancel each other out, for they deal with 
¢ Dre§ the probability that evolution of some species 
ur, wasp Drosophila is as slow as Epling’s hypothesis 
ye, subg Tequires. More to the point is the question, 
e, ani} Whether the distribution of a species can be so 
) in thef Old, and in this connection it is rather distressing 
a Cruj to find the “new systematics” so heavily con- 
at both} taminated by the ‘old biogeography,” as shown 
c, ani by the tacit assumption of Epling and Stebbins 
igocent§ that the age of the species and the age of its 
old wf distribution pattern are identical. 
jaryirg In view of the fact, made abundantly clear 
version in the last section, that Pleistocene climatic 
changes in the Great Basin and farther south 
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were extensive and of a sort making it possible 
for northern species to penetrate into the 
subtropical zone of high atmospheric pressures, 
there would seem to be a prior probability that 
the geographic disjunction of the Santa Cruz 
phylad, at least, is of Pleistocene origin. It is 
important, therefore, to inquire into Epling’s 
reasons for denying this probability. These are, 
first, Meinzer’s opinion that really moist pluvial 
climates were confined to higher latitudes, and 
that conditions in the southern part of the 
Great Basin were less strikingly different from 
today; and second, the fact that Pleistocene 
floras from California indicate climates that 
differed little, if at all, from those of the present. 

Both these lines of evidence, however, are 
based on inadequate information. As Meinzer’s 
conclusion depends on the absence of Pleis- 
tocene lake deposits and shore lines in closed 
basins in southeastern California and trans- 
Pecos Texas, it is useful to remember (1) that 
closed basins are less well developed there than 
in Nevada and Oregon, (2) that trans-Pecos 
Texas in particular has been very little explored, 
(3) that evidence of Pleistocene lakes is not 
always so easy to find as in the basin of Lake 
Bonneville, (4) that the Valley of Mexico helda 
large pluvial lake, which on ichthyologic evi- 
dence may have drained to the Rio Lerma, and 
(5) that the rest of the plateau of Mexico, the 
basin of the Laguna de Mayran for instance, has 
never been carefully searched by a Pleistocene 
geologist. Our knowledge of the Pleistocene of 
California is just as deficient: four important 
fossil beds are known, from Santa Cruz Island, 
Rancho La Brea, Carpinteria, and McKittrick, 
and while it may be true that their fauna and 
flora imply climatic conditions not very different 
from today (Miller, 1940), there is nothing to 
show that all of these deposits are not inter- 
glacial in age. The numerous fossil birds from 
deposits of pluvial lakes, Fossil Lake, Oregon, 
for example (Howard, 1946), though interesting, 
do not help very much, as they were mostly 
water birds of the same species (with the excep- 
tion of the flamingo) still found around lakes 
in the region at present. The demonstration by 
Stearns (1942), on the basis of the fossil occur- 
rences of the marmot Marmota flaviventris ob- 
scura, that the life zones of New Mexico must 
have been shifted downward by some 4000 feet 
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during a Wisconsin subage, gains new signifi- 
cance in the light of this controversy. But on 
the whole we know little that is relevant about 
the Pleistocene of western North America, and 
Epling is mistaken in thinking that we do. 
SUMMARY AND CONCLUSIONS: EUROPE AND 
NortH AMERICA 


Outline 


From the standpoint of Pleistocene biogeog- 
raphy North America and Europe resemble 
each other closely, and differ in the character of 
their problems rather sharply from Africa, 
southeastern Asia, and South America. As 
would be expected, the two continents where 
continental glaciation occurred on the most 
extensive scale differ from the rest of the world 
where glaciation was confined to high moun- 
tains, and where the more spectacular climatic 
changes during the Pleistocene were in the 
direction of increased precipitation rather than 
refrigeration. For this reason some stock-taking 
can be done appropriately at this point in the 
review. 

Because the attempt has never been made 
before, and therefore seemed eminently worth 
making, there has been an effort in this presen- 
tation to look at existing animal and plant 
distribution as a whole from the standpoint of 
Pleistocene geography. The volume of data is so 
stupendous that complete treatment is obvi- 
ously impossible, but the material included is 
believed to be fairly representative. What does 
it all add up to? Is biogeography of interest 
solely to biologists, or is there anything in it 
that geologists and other Earth scientists can 
use? Without anticipating the data from Africa 
and elsewhere, we shall give a preliminary 
answer to this question, first, by showing that 
many biogeographic facts are extremely limited 
in their application or perhaps useless, and 
second, by pointing to instances in which the 
biogeographer can help to solve problems not 
otherwise susceptible to attack. 


Limitations of Biogeography 


The nunatak hypothesis of Fernald, which 
has its counterpart in western Europe, is an 
example of a biogeographic argument that is 
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almost or entirely useless to the geologist, 
argument starts with the occurrence in gg 
locality of species of plants or animals (usy 
plants) that are widely separated from the 
nearest relatives, either of the same or ¢ 
related species, and that seem, by reason ¢ 
their apparent inability to spread or of the 
endemism, to have been isolated in their presen 
situations for a long time. Some of the areas iy 
which they occur are famous among geologist 
for the paucity of convincing evidence of ove. 
riding by an ice sheet. Later geologic work jn 
the same areas has sometimes produced gud 
evidence; probably other areas really wep 
nunataks throughout a glacial age as they cep 
tainly were during early phases of deglaciation, 
Backed by geologic authority, the biogeogn. 
phers have not hesitated to maintain the exist 
ence of a correlation between supposed nunataks 
and the stations of the remarkable relict species, 
and have accordingly supported the idea ¢ 
survival of the plants in their present habitats 
through a glacial age. 

For some species, such as those that now 
occur in Greenland and particularly those that 
have been found growing on nunataks, this 
hypothesis is certainly correct. If there wer 
nunataks projecting above the continental ie 
sheets, species are known that could have sur 





vived on them. Many of the plants for whid 
glacial survival is postulated, however, ar 
decidedly not of this character (orchids, fe 
example), and it is evident that there must kk 
something wrong with the hypothesis. Whenit 
is realized that many relicts of the same sor 
occur in places known to have been covered by 
ice and later to have been submerged 
late-glacial seas, it is obvious that distribution 
pattern in itself is insufficient proof of survivd 
through a glacial age. That is, there is a biogee 
graphic weakness in the argument, and some 
the most narrowly localized endemics and # 
most spectacular disjuncts must have bea 
migrating more in postglacial time than could 
be admitted by the proponents of the nunatal 
hypothesis. 

The same sort of weakness is inherent in othe 
theories of glacial survival. In the foothills d 
the Alps, for example, isolated remnants 
erosion surfaces now shelter narrowly locali 
endemics and peculiarly disjunct organi 











ist. Tha (beetles in particular having attracted attention 
among animals, doubtless because their dis- 
(usualhil tribution is better known than that of most 
animal groups). These remnants, known as 


ym thes 
© or di massifs de refuge, are supposed not to have been 
2ason qj glaciated during the last (Wiirm) glacial age, 


of ther though they may have been so during Mindel 
or Riss ages. It is difficult to disprove the 
notion that the beetles survived the Wiirm 
gaciation in their present habitats, but, as 
many other lines of evidence indicate that relict 
species have not always lived in what are 
admittedly relict habitats, but have reached 
them in postglacial time, the suggestion should 
not be accepted uncritically. Probably it is 
admissible for some species. 

Glacial survival has been passionately urged 
for components of the fauna and flora of the 
British Isles, especially Ireland. Here a new 
feature is brought into the debate, namely the 
existence of land bridges. Ireland is believed on 
geologic grounds not to have been joined 
directly to England since the climax of the last 
glacial age, or since a time when only arctic 
species could have made the crossing by land. 
By the Boreal phase of postglacial time, when 
the climate had so far ameliorated as to permit 
immigration of temperate species, the Irish Sea 
was certainly in existence. The geologic facts 
agree with, and are even confirmed by, the 
distribution of the smaller land mammals of the 
British Isles, for Ireland lacks many of the 
species that might be expected to live there, 
itg such as the mole, the common shrew, and all 
microtine rodents. Of the several waves of 
migration of mammals into the British Isles 
nde) that can be discerned in the purely zoogeo- 
graphic data, only the first has reached Ireland 
which therefore must have been cut off rather 
early from free access by land. On the other 
if band, the presence in Ireland of disjuncts of 
“Lusitanian” distribution that seem to have 
required a land bridge to get there poses a 
jj serious dilemma. Lusitanian species are south- 
em types that evidently require warm winters; 
their occurrence in England is irrelevant, for 
they could have been, and probably were, iso- 
fj lated there by climatic changes subsequent to 
if the climatic optimum, but if they reached 
Ireland by a land birdge they must have 
survived the last (“New Drift’’) glaciation in 
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Ireland. This seems highly unlikely in view of 
their ecologic character, but the Irish case is the 
strongest one yet made out for survival through 
a glacial age. 

Land bridges constructed on biogeographic 
evidence alone are notoriously flimsy. The 
modern biogeographer regards the best of them 
with scepticism. Mayr, in his consideration of 
the fauna of islands, has been one of the leaders 
of the new school, which maintains that the 
powers of dispersal of organisms have been 
vastly underrated in the past, and that given 
suitable habitats and a sufficiently long time 
for dispersal there are no barriers to colonization 
that cannot be surmounted by some animals 
and plants. Mayr has occasionally gone too far 
in arguing for this position; but it is surely fair 
(if somewhat guarded) to say that almost any 
given species can get to almost any suitable 
habitat by crossing any geographic barrier, and 
that an island, for example, must contain a 
whole balanced segment of a continental fauna 
before a land bridge has to be postulated. That 
there were land bridges from France to England, 
from China to Japan, and from Malaya to Java 
and Sumatra, cannot be denied, but in these 
cases the proof is not entirely biogeographic. In 
the Irish example, where the existence of a 
land bridge is not in doubt, but where the 
question of its age is of crucial importance, we 
are entitled to look with suspicion on the idea 
of a land connection before the last glacial age, 
for the list of Lusitanian species that seem to 
require such a connection is small. 

There is another sphere in which the weakness 
of biogeography is apparent. In the south- 
eastern United States, for example, the occur- 
rence of many species and genera, believed to be 
old partly because of fossil evidence and partly 
because they are widely isolated from their 
closest relatives in eastern Asia, has been mis- 
interpreted. This celebrated problem is not 
customarily regarded as a Pleistocene matter, 
but it has an important bearing on the Pleis- 
tocene nevertheless. If the species have been in 
their present habitats (old land areas, preglacial 
river systems, peneplane remnants, and the 
like) since early or middle Cenozoic time, it is 
difficult to understand the obvious fact that 
Pleistocene climatic changes in the general 
region were extensive. That is, the evidence 
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from Pleistocene fossils (walrus in South Caro- 
lina, white spruce in Louisiana, etc.) conflicts 
with the pattern of existing distribution as 
interpreted by biogeographers. Though many 
aspects of this question have been left open, an 
attempt has been made to clear away some of 
the conflict and some of the misconception by 
pointing out that, while southeastern North 
America taken as a whole may have served as a 
refuge for temperate and boreal species, the old 
species have ‘not necessarily persisted in their 
present localities throughout the Pleistocene. 
Like the narrowly localized relicts, to explain 
which the nunatak hypothesis was erected, the 
relicts on peneplane remnants must have been 
moving around during glacial ages, some of 
them perhaps having been driven into Mexico 
and peninsular Florida. To put it in another 
way, as in the case of the organisms allegedly 
unable to cross a water barrier, their powers of 
postglacial and present-day dispersal have been 
underestimated. 

It is especially discouraging to have to report 
that biogeographic data fall short of proof even 
where there are strong @ priori grounds for 
adopting a suggestion. This is the case with the 
hypothesis that multiple glaciation is reflected 
in the existing distribution of species, in the 
Alps or in northern Europe, for example. There 
are indications everywhere that the biota is not 
all of one age. Sometimes close study of a genus 
shows ancestral, derived, and obviously new 
species all occurring in the same general region; 
sometimes, because the coexistence of sibling 
species implies differentiation in previous isola- 
tion, several kinds or stages of isolation can be 
discerned in the makeup of a single animal or 
plant community, and glaciation is the most 
probable cause of such isolation. Probably the 
strongest case for multiple glaciation can be 
made of the existence of boreo-British and 
boreo-alpine distribution patterns, the argu- 
ment being that if it took one glaciation to 
produce the boreo-British arrangement (Scandi- 
navia and the British Isles), @ Ja Darwin, it 
must have taken two glaciations to produce so 
striking a configuration as the boreo-alpine. 
This view finds support in the frequency of 
taxonomic divergence among boreo-alpine 
species, for in many instances it happens that 
one subspecies is boreal, the other alpine. But 
all such arguments assume evolutionary rates 
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to be essentially uniform among organisms, anj 
are therefore untenable, despite the inherey 
reasonableness conferred on them by the exig, 
ence of multiple glaciation as an establishej 
fact. 

The case against biogeography, then, might 
be summed up as follows: for certain types ¢ 
problem, including survival of species through, 
glacial age, and the construction of land bridgs 
on the basis of the distribution of individu 
species that seem unable to cross a water barrier, 
biogeographic data are inadequate and May 
only confuse and irritate the geologist. Th 
distribution of every species is virtually a lay 
unto itself; worse, it is a law that is incapabled 
precise formulation, and that nobody under. 
stands fully, for every change of range may 
have a separate explanation. There are relict 
species, and there are relict habitats, but the 
present occurrence of the species in the habitats 
is no proof that they have always been there, 
The occurrence of a genuine fossil in a particular 
locality and in a particular stratigraphic co- 
text, of course, is a different kind of biogeo 
graphic datum altogether; this sort of evidence 
of Pleistocene geographic conditions is not being 
criticized, and one only wishes there were mor 
of it. But the existing distribution of animals 
and plants is subject to such discordant inter 
pretation that the geologist cannot be blamed 
for despising it. 


Value of Biogeography 


There would be little point in continuing with 
this review, or in publishing what has already 
been written at such length, if the above wer 
the only conclusion to be drawn. Fortunately, 
it is not. There are circumstances in whid 
biogeographic data are not only worthwhile but 
indispensable. This seems to be the case with 
at least two major types of problem; (1) forme 
land connections, and (2) former stream con 
nections. In summarizing the contributions d 
biogeography to each of these in turn, we shal 
have to be careful to distinguish the validity d 
the data themselves from the validity of th 
interpretations that have often been placed @ 
the data. This is absolutely necessary, becaus, 
of all the lines of scientific reasoning with whid 
the writer is acquainted, that of biogeograply 


is the most thickly beset by pitfalls. Some dF 
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pretend that they have all been avoided in this 
review. 

In the preceding discussion of land connec- 
tions between islands and continents, criticism 
was explicitly directed to “the construction of 
land bridges on the basis of the distribution of 
individual species that seem unable to cross a 
water barrier.”” When balanced segments of 
continental faunas are found on islands, how- 
ever, the case for a former land connection gains 
enormously in respectability. By “balanced” 
it is understood that the total number of 
terrestrial species on the island is about the 
same as on a portion of the continent of equal 
area and ecologic diversity, and that the island 
shows the appropriate proportions of carnivores 
and herbivores among animals, lower and higher 
types among plants, and narrowly and widely 
distributed species among both plants and 
animals. What constitutes balance in any spe- 
cific example, or how great a degree of im- 
balance is to be expected in the biota of a con- 
tinental island, will always be matters for 
debate among biologists, for when islands are 
separated from continents evolutionary diver- 
gence proceeds apace. Thus the organisms of 
long-separated islands may differ more from 
those of an adjacent mainland than do those of 
two separate continents, as the example of 
Madagascar shows. The point is none the less 
clear, that most of the older land bridges, con- 
structed by biogeographers specifically to ac- 
count for the distribution of particular species 
(more often genera or families), are invalid. 

Used with intelligent awareness of past 
blunders and the reasons for them, biogeo- 
graphic data are still of the utmost value in the 
study of former land connections. Their value 
arises from the fact that orthodox geologic data 
are obtainable with difficulty or not at all in 
this type of geographic problem, the region in 
which direct evidence is to be sought being 
under water and the evidence itself often having 
been removed by subaqueous erosion. Various 
indirect procedures have then to be resorted to, 
of which biogeographic research is not the least 
important. 

The British Isles provide the classic example. 
Land connections between Great Britain and 
Europe have existed at various times in the 
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these have already been hinted at in the pre- 
ceding section, and it would be rash indeed to 
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Pleistocene. Exactly when they existed and how 
long they lasted is not definitely known; there 
are many obstacles to detailed correlation be- 
tween British and continental Pleistocene strati- 
graphic sections, and this is an important 
subject for future research. For postglacial 
time, however, the picture is gradually becom- 
ing clear. To a considerable extent our knowl- 
edge is the outcome of more or less orthodox 
geologic methods: the fact that peat occurs in 
situ on the Dogger Bank has been of enormous 
help, and other stratigraphic evidence is still 
accessible by boring in coastal deposits. But 
the preservation of so much of this kind of 
evidence is a piece of extraordinary good for- 
tune, not to be counted on elsewhere. Even the 
Irish geologists have not been so lucky, for the 
floor of the Irish Sea seems to have been con- 
siderably remodelled since its submergence. In 
this situation it is of concrete help to know that 
the Irish fauna and flora are balanced (proving 
that land connection once existed between 
Ireland and Great Britain), but show striking 
lacunae (of such a character as to show rela- 
tively early severance of the connection). Other 
biogeographic data are of equal importance in 
filling in local details. For example, the Isle of 
Man was evidently separated from England 
before England was separated from the Con- 
tinent, and Guernsey seems to have been sepa- 
rated from France before England was, while 
the absence from the British Isles of a number 
of beetles belonging to beech forests implies 
that the formation of the English Channel 
antedated the spread of the beech. Some of 
these facts are of course known from other kinds 
of evidence, but it is worth reiterating that we 
cannot always expect to findsuch evidence, and 
may be forced to depend on biogeographic data 
for a solution to the problem of former land 
connections. 

The problem of Corsica is discussed as an 
example where stratigraphic information is lack- 
ing, at least up to the present, but where the 
distribution of the land mammals is of definite 
value in indicating recent land connection, in 
this case with Italy. Some more spectacular 
instances will be discussed in the chapters on 
Africa and eastern Asia. North America, so far 
as the writer is aware, provides no comparable 
case, and the realization that this is so focuses 
attention on the island of Newfoundland. Ma- 
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terial probably exists in the literature of special 
groups, such as mammals, for an interesting 
investigation of this island, but so far no one 
appears to have tried to see what bearing it 
may have on glacial and postglacial changes of 
land and sea in eastern North America. 

In the second type of problem, that of former 
stream connections, North American work has 
been of exceptional utility and interest. Here 
again two points require emphasis. The first is 
that the facts must be used intelligently. Direct 
connections by water between now-separated 
stream systems, when postulated on the basis 
of the distribution of particular species, are no 
more likely to withstand critical attack than 
are the older land bridges. Whole, i.e. balanced, 
segments of the biota must be found to be 
transferred before it is safe to conclude that a 
former connection has existed. The second point 
is that the service of the biogeographic informa- 
tion consists of its uniqueness: deposits laid 
down by former streams, particularly the late- 
glacial streams that carried meltwater across 
now-existing divides, are notably unfossil- 
iferous; much of this material has been removed 
from the scene by later erosion, and for various 
other reasons this problem resembles the pre- 
ceding one in that stratigraphic facts are diffi- 
cult to get. The worth of the biogeographic 
observations is thereby automatically enhanced. 

The former stream connections that have 
been most extensively investigated by bio- 
geographic means are those related to the late- 
glacial drainage of the Great Lakes. Though the 
lakes all drain to the St. Lawrence River at 
present, the great bulk of their aquatic biota 
has immigrated from the Mississippi system. 
All the known major discharge channels have 
been utilized in this invasion, and many minor 
and local peculiarities have turned up in the 
distribution of individual species of fishes and 
mollusks. Only a few of these have been cited 
in the text; emphasis has been placed on cases 
where the biogeographer has been of material 
aid to the geologist in pointing to unsuspected 
connections of drainage. Some of these instances 
may be found not to meet the rigid requirements 
previously set up for the acceptance of biogeo- 
graphic testimony. Taken all together, however, 
they carry a larger implication: so many (that 
is, so large a proportion) of the fishes of Wiscon- 
sin (for example) have evidently used glacial 
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connectives, that these waters must have been fe At 
warmer than one might have supposed. 

The most dramatic example of the use of 
fish distribution for the tracing of Pleistocene 
drainage systems comes from the Great Basin, Ab 
where Hubbs and Miller have been Working 
with great energy and skill. Many problem 
remain: we still do not know where the peculigy 
fauna of Lake Bonneville originally came from, 
and Lake Lahontan also remains as isolated a; § — 
ever, despite vague indications of a formr— — 
continuity with the Klamath system or with 
the Colorado basin. But in many now-inde ~~ 
pendent basins of this formerly well watered 
country the ichthyologic and the physiographic | 4™ 
evidence of pluvial connection are in splendid § Ant 
agreement, and there can be little doubt that 
the Death Valley system received its small 
stock of fishes from the Colorado. 

It is not yet clear how far south pluvial cm. 
ditions extended during the Pleistocene, for this 
subject has been little studied in Mexico. The 
importance of filling this gap is heavily under. 
scored; not only is it vital to the biologist to 
know whether a desert barrier in this regionhas § — 
always opposed southward migration of north 
ern species with the same success as today, but 
the basis of the correlation between glacial ages 
in high latitudes and pluvial ages in the tropic 
ultimately depends on the answer to this ques 
tion. At any rate, the configuration of the New 
World seems to be more favorable for an attack 
on this celebrated issue than is that of the Old 
World, where a water barrier (the Mediter 
nean) hinders the application of biogeographic 
data to the solution. 

Certain matter to be found in the paper isn 
summarized here: in particular considerable 
portions of the text are devoted to a reviewd 
the Pleistocene stratigraphy. With the excep 
tion of the treatment of the postglacial stratig 
raphy of eastern North America, which # Barre 
epitomized in Table 7, however, none of thisi 4 
original or new. It may be permissible to pat se 
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INTRODUCTION remains could be interpreted. On the other 


Pleistocene vertebrate fossils are found in 
every North American museum that possesses a 
collection of fossil vertebrate remains. Many 
specimens were collected when attention was 
centered on remains of greater antiquity. Al- 
though much of this material has been stored 
without adequate documentation (according 
to present-day standards), many scores of 
species of Pleistocene vertebrates have been 
described from it. 

Most of this material originated in nonglaci- 
ated areas, and geologists have overlooked a 
majority of the fossiliferous deposits. Most of 
the fossil-bearing Pleistocene deposits of con- 
tinental origin are scattered, or exist only as 
stream terraces in noncontinuous deposition, 
and have not been studied extensively by 
stratigraphers. Most of these deposits contain 
many invertebrates, whose remains have not 
attracted the invertebrate paleontologist since 
& thorough knowledge of the recent mollusks 
would be required before the late Cenozoic 
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hand, students of conchology have been too 
absorbed in a study of living animals to review 
and interpret the Pleistocene forms. The verte- 
brate paleontologist has by-passed the fertile 
field of Pleistocene microfaunas in favor of the 
larger and more spectacular remains. The neo- 
zoologist, through the lack of geologic and 
paleontologic backgrounds, has overlooked the 
aspects of Pleistocene animals in the late Ceno- 
zoic deposits and has been concerned with the 
Recent horizontal functions of speciation and 
distribution of living animals, while only specu- 
lating on the phylogeny of their ancestors. 
When continental glaciation was first recog- 
nized, a change in climatic conditions and faunas 
was postulated for the regions affected by the 
ice. Scott (1898, p. 537-538) and Chamberlin 
and Salisbury (1909, p. 914-917) discussed 
the probability of successive shifts of Pleistocene 
faunas and floras. Coleman (1894, 1901) was 
the pioneer in America who attempted to work 
out a succession of glacial and interglacial 
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floras and faunas. This early work definitely 
demonstrated a succession of shifting floras in 
North America. 

Many attempts have been made to develop 
a succession of Pleistocene vertebrate faunas 
in North America to correlate with the glacial 
and interglacial ages. Those interested in the 
history of these attempts are referred to the 
following papers: Cope, 1895; Osborn, 1910; 
Hay, 1912; 1923; 1924; 1925a; 1925b; 1926; 
1927; Baker, 1920; Romer, 1933; Lugn and 
Schultz, 1934; Schultz, in Lugn, 1935; Barbour 
and Schultz, 1937; Schultz, in Condra, Reed, 
and Gordon, 1947; and Colbert, 1937. 

In these studies are listed many forms oc- 
curring in the Pleistocene deposits of North 
America. Some of the workers have grouped the 
Pleistocene mammals into glacial 2nd inter- 
glacial ages, while others have grouped the 
forms only as early, middle, or late Pleistocene 
forms. The groupings have been open to ques- 
tion owing to the unknown vertical distribution 
of the forms. Where attempts have been made to 
correlate vertebrate forms with glacial and 
interglacial ages, the jump correlations from 
nonglaciated to glaciated areas have been open 
to question, since direct interfingering of the 
deposits could not be demonstrated. Futher- 
more, no vertebrate fauna is known from glacial 
or interglacial deposits of the glaciated region 
of North America. Such a fauna would give an 
index for correlation with known faunas from 
nonglaciated areas. 

No correlation of a Pleistocene vertebrate 
fauna with a glacial or interglacial age can be 
made until deposits in nonglaciated areas con- 
taining the vertebrate and invertebrate re- 
mains are carefully studied and correlated with 
glacial and interglacial deposits. 

Good summaries of the Pleistocene fossil 
record in North America are given by Romer 
(1945, p. 568-572) and by Flint (1947, p. 521- 
535). 


PLEISTOCENE FAUNAS 


The Pleistocene epoch was so short as com- 
pared with the other epochs of the Cenozoic 
that, had it not been for glaciation, the Pleisto- 
cene could not be separated from the Pliocene 
epoch. However, because of the development of 
distinct and sharply marked Tropical, Temper- 
ate, and Arctic zones during glaciation, part of 
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the Pleistocene can be differentiated rather 
distinctly from the Pliocene. 

In North America nothing is known of the 
forms which lived in mountainous regions, 
exclusive of the intermontane basins, or in the 
polar region throughout the Cenozoic when 
there was a rather mild climate in those areas, 
With progressive cooling, which began early jn 
the Cenozoic, these regions became the first 
potential areas for the development of plants 
and animals with tolerance for the more ¢e. 
treme cold which was to come later. It was not 
until late in the Pleistocene that such specialized 
forms as the woolly mammoth, woolly rhinog. 
eros, and musk-ox became “chained” to the 
tundra regions. A number of forms which lived 
in rather mild temperate conditions during the 
latter part of the Cenozoic became adapted, by 
the close of the Pleistocene, to the cool condi- 
tions to which they were subjected during 
glaciation. An example of this is the genus 
Mammui to which the American mastodon 
belongs. The subgenus (Miomastodon) of the 
genus Mammut arrived in North America during 
very late Miocene or early Pliocene time. The 
beginning of the Pleistocene would not be 
postulated as coincident with the appearance of 
the genus Mammut. No genus of mammal is 
known whose first appearance can be used asa 
sure marker for the beginning of the Pleistocene 
in North America. The Pleistocene should be 
limited to the time of glaciation, based upon 
geologic evidence of ice or upon evidence of 
faunal or floral changes caused by cold condi 
tions in the Holarctic region. Geologically speak- 
ing we are still in the Pleistocene. To drawa 
line between the Pleistocene and Recent is pure 
arbitration. It is here recommended that the 
proposal of Flint (1947, p. 209) that, “the term 
recent be used only in an informal sense”, be 
accepted. In nonglaciated regions of North 
America it is impossible to distinguish a Wis 
consin glacial fauna (a fauna that occupied 
that region at the maximal extent of the ice 
sheet) from a postglacial fauna (a fauna that 
occupied the area after the ice sheet began to 
recede). Faunas lag in their retreat, and most, 
if not all, of the retreat of forms in the southem 
limits of their range, after the ice begins to 
recede, is by death of individuals. The faunal 
shift is by population spread, not by migration 
of the southern individuals. A Pleistocene fauns 
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that lived in a tundra region or at the edge of a 
continental glacier, at the time of the glacier’s 
most southern advance, was a glacial fauna at 
that time. This fauna receded with the glacier 
and became in part, or wholly, the tundra fauna 
of the Arctic region of the following inter- 

ial time. The other forms of animal and 
plant life living at the time of the maximal 
gacial advance, along the borders of the tundra 
region or in the tropics, constituted the glacial 
fauna and flora of their respective regions. 
With the recession of the ice the same forms 
except for those exterminated, shifted their 
ranges wholly or in part, or remained nearly 
stationary. They became the interglacial fauna 
or faunules to which new elements from other 
regions might be added. 

A major retreat of the Wisconsin ice occurred 
before the Wisconsin fauna of North America 
in the northern part of the Temperate zone 
changed appreciably. The faunal change came 
with the extinction of the elephants, American 
mastodon, camels, the peccary (Platygonus), 
Cervalces, Bison antiquus, the northern Pleisto- 
cene bison (Bison occidentalis), the woodland 
musk-ox (Symbos), the giant beaver (Castoroides), 
and other genera. These vertebrate groups be- 
came extinct some time after the last ice sheet 
began to shrink. Evidence suggests that some 
forms died out less than 8000 years ago. 

When compared with the past, the conditions 
at the present time correspond to those in the 
first part of an interglacial age. Records show 
that we have not reached the optimum of 
earlier interglacial ages. Geologically speaking, 
the present is a time of glacial recession, though 
much of the continent was never covered with 
the Wisconsin ice sheet. Some plants and 
animals have followed the retreat of the ice 
sheet and are now living in areas once covered 
by the ice; their occurrence in these areas is 
known as post-Wisconsin in relation to the ice 
sheet proper. Paleontologically speaking we are 
ina post-American-Mastodon faunal age. 

The first glacial fauna of the North American 
continent to inhabit the nonglaciated regions in 
front of the ice was chiefly descended from 
hardier Pliocene forms that had inhabited the 
polar and high-mountain regions of North 
America, and included forms already in thearea, 
that certainly possessed wide tolerance and were 
able to adjust to the changing climate. There 
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was no great change between the last Pliocene 
fauna and the first Pleistocene fauna. The 
elements of the two faunas were the same, ex- 
cept that those forms with limited tolerance for 
the increasing cold were exterminated or forced 
to shift their ranges farther southward. The 
great change between Pliocene and Pleistocene 
faunas did not occur with the first advance of 
the ice but after the speciation and extinction 
of numerous late Pliocene forms along with the 
introduction onto this continent of elephants, 
bison, and other Asiatic forms. The first glacial 
fauna of the tundra region in front of the ice 
would be expected to be the smallest of the 
Pleistocene faunas, since that fauna would have 
been subjected to the first severe “weeding out”’ 
of forms not adapted to such climatic extremes. 
Floras and faunas lag in their adaptations to 
climatic changes. 

If it could be fully realized that the climatic 
conditions which exist at the present time in 
the temperate and polar regions are the excep- 
tion in geologic history, and that these condi- 
tions have not always existed in the past, a 
better understanding of the Pleistocene would 
be gained. 

The rate of advance and retreat of the ice 
was about equal to the pace of plants and snails 
which moved in front of the glacier both in 
advance and retreat. Such slow movements of 
faunas and floras are not migrations in the 
sense of movement of individuals. 

The statement of Meade (1945, p. 519) 
that “...it is doubtful whether Nebraskan 
and Aftonian faunas can be differentiated”, is 
not acceptable since optimum glacial and op- 
timum interglacial faunas can be differentiated 
in North America. However, the study of 
Pleistocene faunas in North America has not 
progressed to the point at which a conclusive 
discussion of the faunas can be attempted as 
Zeuner (1945) has attempted on the European 
Pleistocene faunas. There is evidence of Pleisto- 
cene faunal shifting in North America. 


PLEISTOCENE FAUNAL STUDIES 


Most of the papers on Pleistocene verte- 
brates have described new forms or the oc- 
currence of isolated finds. 

Cope, Brown, Gidley, Hay, Matthew, and 
J. C. Merriam and his coworkers contributed 
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chiefly to our early knowledge of local Pleisto- 
cene faunas. Later studies of local faunas are 
very numerous. Stock and his students, espe- 
cially, have made outstanding contributions to 
our knowledge of vertebrate faunas. The con- 
tribution of Hubbs and his students, especially 
that of R. R. Miller (1946) and Hubbs and 
Miller (1948), both to Recent and Pleistocene 
ichthyology and Pleistocene hydrography, 
should not be overlooked. 

Few students have attempted to make order 
out of the chaos that exists in many of the 
Pleistocene genera. Special attention should be 
called to the work of Simpson (1941; 1945), on 
the large Pleistocene cats and on the Pleistocene 
tapirs, and to the work of Skinner and Kaisen 
(1947) on the revision of the genus Bison. 

One of the common errors in the study of 
fossils is the failure to consider as a unit the 
assemblage from a given horizon. It is the over- 
all picture of a fauna and the conditions under 
which these forms were preserved that reveals 
the paleoecology. The abundance or scarcity 
of forms in a fauna frequently gives a clueto past 
conditions. (See Stearns, 1942.) Too many 
papers only describe a new form and do not 
evaluate the position of that animal in relation 
to other animals other than taxonomically. 
As far as the descriptive work is concerned, 
the form lived entirely by itself, and its place 
in the stratigraphic column is only approximate. 

Paleontologic work has progressed so that 
very accurate taxonomic, morphological, strati- 
graphical, and environmental studies can be 
made of any deposit and the contained fossils 
by specialists. The great scarcity of special- 
ists in the fields of Pleistocene Paleo-ornith- 
ology, -herpetology, and -ichthyology will be 
felt for some time in the complete evaluation of 
Pleistocene faunal studies. 

Paleontologic interpretations of past condi- 
tions are based chiefly upon the knowledge of 
present animals, and of their ecology. It is 
assumed that by the time the genus Notiosorex, 
the genus Sigmodon, the subgenus Mictomys, 
the Operarius group of Microtus, etc., appeared 
they possessed chiefly the habitat preferences of 
their living representatives. If such assump- 
tions are not possible, it will never be possible 
to unravel Pleistocene history. Any study of 
past faunas is at best open to question. It is 
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necessary to realize the limits in such work angit cont 


proceed with the greatest caution and ; 
Simpson (1936) has fully discussed the relation. 
ships of local and continental mammalig, 
faunas, and workers interested in the corres. 
tion of local faunas should study this paper, 

In the past the great stumbling block to, 
study of paleoecology has been the neglect gf 
the associated smaller members of a given fauna 
A few of the large forms may be used as indices 
for environmental conditions, but most of the 
larger mammals possess a wider range of toler. 
ance than do smaller forms. For example, at 
the time of the settlement of America, the 
cougar (Felis concolor) ranged from the At 
lantic Ocean to the Pacific Ocean and from 
British Columbia to Patagonia. Remains of 
this cat in Pleistocene deposits confirm its past 
distribution, contribute to its known vertical 
range, and are useful as a basis for assuming the 
presence of certain animals used as food. On 
the other hand the finding of the remains of the 
lemming, Synaptomys (Mictomys) borealis, in 
Pleistocene deposits indicates that at thetimethe 
deposits were laid down ecological conditions 
in the area were similar to the ecological condi- 
tions under which we find the lemming living 
at the present in the Boreal region. 

In general, the smaller forms have rather 
restricted habitats and are the best indices for 
the study of past climatic conditions. It also 
appears that among the smaller forms there is 
the greatest amount of extinction and probably 
of speciation, which makes small mammals the 
best horizon markers known for a stratigraphic 
study of the Pleistocene. This makes the 
paleontologist’s problem more difficult, for he 
must know the living forms in the groups with 
which he works. 


SHIFTING OF PLEISTOCENE FAUNAS 
General Discussion 


During the past 10 years considerable progress 
has been made in the study of Pleistocene 
vertebrates in North America, owing to im 
proved methods of collecting, more detailed 
studies of Pleistocene stratigraphy, and efforts 
to collect all remains of animal life from a partic 
ular zone. 

There is a difference between an exposure ® is 
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containing fossils and a fossil-bearing zone. A 
Pleistocene exposure 60 feet thick may include 
at least three distinct and successive faunas, 
each occurring at a certain horizon. Pleistocene 
fossil zones as a rule are only a few inches thick 
and are not everywhere separated by soil zones 
or definite erosional breaks. In some places they 
ae separated by a lithologic change. 

Since glacial studies indicate a succession of 
Pleistocene faunas in North America, a shifting 
of faunas should be recorded in the deposits in 
nonglaciated areas near the glaciated region. 
For such a study, work must be concentrated 
inalocality with extensive Pleistocene deposits 
both horizontally and vertically, in order to 
solve a number of the problems encountered in 
geographic correlations. 

The following sequence of Pleistocene verte- 
brate faunas in such a locality (Meade and 
Seward counties, Kansas) has been worked out 
in the High Plains region in the past 11 years. 
The faunas are listed from oldest to youngest, 
and dimatic conditions as interpreted from a 
study of these faunas are indicated. 


Deer Park Fauna (Cool) 
(Hibbard, 1938; 1944; 1949) 


The earliest recognized cool-climate fauna in 
the High Plains was taken from the silts and 
days of the Missler member of the Meade for- 
mation (Hibbard, 1949; not Frye, Swineford, 
and Leonard, 1948). The silts and clays overlie 
the Meade gravels of southwestern Kansas, in 
Meade County. The following forms constitute 
the Deer Park fauna: 


MAMMALIA 

Geomys sp.—Eastern pocket gopher 

Procastoroides lanei (Hibbard)—Beaver (extinct) 

Pliolemmus antiquus Hibbard—Lemming (ex- 
tinct) 

Pliopotamys meadensis Hibbard—Ancestral musk- 
tat? (extinct) 

— mirificus (Leidy)—Mastodon (ex- 
tinct! 

Nannippus phlegon (Hay)—Small horse (extinct) 

Equus (Hippotigris) simplicidens Cope—North 
American zebra (extinct) 

Camelops sp.—Camel (extinct) 


: The interpretation of cool, climatic conditions 
is based upon the dominance of microtine forms 





PLEISTOCENE VERTEBRATE PALEONTOLOGY IN NORTH AMERICA 1421 


in contrast to the dominance of cricetine rodents 
and other southern elements in the Rexroad 
fauna (Hibbard, 1938; 1941b) which was found 
less than three fourths of a mile from the Deer 
Park locality in the underlying Rexroad far- 
mation. 


Cudahy Fauna (Cool) 
(Hibbard, 1944; 1949) 


The Cudahy fauna in Meade County, Kansas, 
was recovered from the Crooked Creek forma- 
tion (Hibbard, 1949) which overlies the Meade 
formation. The fauna was taken chiefly from 
the silts below the Pearlette ash; a few forms 
were recovered from the extreme base of the 
ash, approximately 84 miles northeast of the 
locality of the Deer Park fauna. The Cudahy 
fauna has been recovered from five localities in 
Meade County and is also known from Clark, 
Russell, and Lincoln counties, Kansas. The fol- 
lowing forms are known: 


INVERTEBRATES—numerous (see Frye, Leonard, and 
Hibbard, 1943; and Frye, Swineford, and 
Leonard, 1948). 

Pisces—remains (unstudied) 

AMPHIBIA—numerous remains (unpublished) 

REPTIL1A—remains (unpublished) 

Aves—numerous remains (unstudied) 

MAMMALIA 

Sorex cinereus Kerr—Shrew 

Sorex cudahyensis Hibbard—Shrew (extinct) 

Neosorex lacustris Hibbard—Water shrew (ex- 
tinct) 

Microsorex pratensis Hibbard—Pigmy shrew (ex- 
tinct) 

Mustela sp.—Weasel 

Citellus sp.—Ground squirrel 

Geomys sp.—Eastern pocket gropher 

Parageomys tobinensis Hibbard—Pocket gopher 
(extinct) 

Reithrodontomys cf. pratincola Hibbard—Harvest 
mouse (extinct) 

Peromyscus cragini Hibbard—Cragin white-footed 
mouse 

Cudahyomys moorei Hibbard—Cricetine rodent 
(extinct) 

Synaptomys (Mictomys) borealis (Richardson)— 
Boreal lemming mouse 

Microtus paroperarius Hibbard—Tundra meadow 
mouse (extinct) 

Microtus (Pedomys) lanensis Hibbard—Upland 

meadow mouse (extinct) 
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Figure 1.—Present APPROXIMATE DISTRIBUTION OF THE Boreat Lemminc Movss, 


Synaptomys 
Shown in contrast to the present distribution of 


mouse was common in the Cudahy fauna, while the Cotton Rat was abundant in the Borchers fauna. 


Pitymys meadensis Hibbard—Vole (extinct) 

Phenacomys sp.—Phenacomys 

Ondatra kansasensis Hibbard—Little Great Plains 

muskrat (extinct) 

Equus sp.—Horse 

The Cudahy fauna seems to indicate the 

closing phase of a glacial age (Hibbard, 1944, 
p. 741-742). It is not certain whether this glacial 


(Mictomys) 
the Cotton Rat, Sigmodon. The Boreal lemming 


fauna lived during a glacial age or whether thes 
animals were the last survivors after the reces 





sion of the ice. The fauna is definitely Boreal 
in its affinities to living forms which are found 
from southern Canada north to Alaska. (Se 
Figures 1 and 2 on which the present distribt 
tion of Synaptomys (Mictomys) borealis is co 
trasted with the present distribution of th 
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E, Ficure 2. PRESENT APPROXIMATE DISTRIBUTION OF THE Microtus OpERARIUS GROUP, THE 
TunprA MEapow MovusE 

In contrast to the present distribution of Onychomys, the Grasshopper Mouse. A close relative of the 
Tundra meadow mouse was common in the Cudahy fauna, while the Grasshopper Mouse was abun- 






1 lemming 
fauna. 


dant in the Borchers fauna. 
ther these 
the reces§ 80S Sigmodon and the present known dis- 
Jy Borel tribution of the Operarious group of Microtus 
are foundy “ntrasted with that of the genus Onychomys.) 
ska. (Se Synaptomys (Mictomys) borealis is a common ele- 
- distribu &nt of the Cudahy fauna and now lives in the 
lis is Boreal region. Microtus paroperarius was abun- 
ay dant in the Cudahy fauna; though the species 





is extinct, the group of microtines to which it 
belongs now lives in the Arctic region. The 
genus Sigmodon and the genus Onychomys were 
two of the abundant elements in the Borchers 
fauna which occurred in the same area after 
the extinction of the Cudahy fauna. The above 
four forms give a fair and contrasted picture of 
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most of the elements known in the two faunas 
in Meade County. Only two genera (Geomys 
and Equus) have been found in common with 
the Deer Park fauna. The two faunas indicate 
that considerable time separates their appear- 
ance in the High Plains region. 

Studies of the Pearlette ash by Frye, Swine- 
ford, and Leonard (1947; 1948) have shed con- 
siderable light upon the possible age of the 
Cudahy fauna. The authors stated in regard to 
the deposits containing the ash (1947, p. 1182), 
“Tt is judged, therefore, that the age of these 
several formations is latest Kansan and Yar- 
mouthian.” Leonard (1947, p. 1202) stated that, 
“Tn the Missouri Valley the Pearlette molluscan 
zone occurs above Kansas till and below Love- 
land loess and Iowa till, which establishes the 
Yarmouthian age of the fauna.” Frye, Swine- 
ford, and Leonard (1948, p. 506) assign the 
Pearlette molluscan fauna to the early part of 
the Yarmouthian interglacial age. 

This raises the question, when does glacial 
time end and interglacial time start? It will be 
granted that the Kansan ice had receded in 
the area where the ash was studied in South 
Dakota, but this does not mean that the climate 
over the region had changed to a great extent. 
A Boreal fauna lived in southwestern and north- 
central Kansas in so-called Yarmouthian time. 
We are not dealing in this case with locally 
stranded relics, but with a fauna of widespread 
distribution. At the close of glacial time and at 
the beginning of interglacial time forms inter- 
mingled along the periphery of their ranges, 
and all degrees of intermingling occurred within 
a region until a climatic climax was developed 
in that region. In distinct contrast tothe Cudahy 
fauna is the Borchers fauna, a warm-temperate 
fauna, which occurs in the silt and clay directly 
overlying the Pearlette ash in Meade County, 
Kansas. Here we are dealing with the same 
geographic locality and the same formation 
though later and under different climatic con- 
ditions. 


Borchers Fauna (Warm) 
(Hibbard, 1941a; 1942; 1943; 1949) 


The Borchers fauna was recovered from the 
Crooked Creek formation, approximately 5} 
miles southwest from the locality where part 
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of the Cudahy fauna was taken in ¥ 
County, Kansas. The Borchers fauna wag p 
covered from the base of a silty clay that ¢ 
rectly overlies the Pearlette ash. 


AMPHIBIA—remains common 
REPTILIA 
Testudo sp.—(Large) Land turtle 
AvEes—remains abundant 
MAMMALIA 
Sorex taylori Hibbard—Taylor shrew (extinct) 
Canis sp.—Dog 
Felis sp.—Cat 
Mustela sp.—Weasel 
Spilogale cf. leucoparia Merriam—Rio Gran 
spotted skunk 
Citellus meadensis Hibbard—Meade ground squit. 
rel (extinct) 
Citellus cragini Hibbard—Cragin ground squiml 
(extinct) 
Geomys sp.—Eastern pocket gopher 
Perognathus pearlettensis Hibbard—Pearlette 
pocket mouse (extinct) 
Perognathus gidleyi Hibbard—Gidley pocket 
mouse (extinct) 
Etadonomys tihenit Hibbard—Heteromyid rodent 
(extinct) 
Onychomys fossilis Hibbard—Grasshopper mous 
(extinct) 
Reithrodontomys pratincola 
harvest mouse (extinct) 
Parahodomys sp.—Wood rat (extinct) 
Sigmodon hilli Hibbard—Hill cotton rat (extinct) 
Ondatra sp.—Muskrat 
Synaptomys veius Wilson—Ancestral lemming (ex- 
tinct) 
Zapus burti Hibbard—Burt jumping mouse 
Nekrolagus sp.—Rabbit (extinct) 
Hypolagus sp.—Rabbit (extinct) 
Lepus cf. californicus Gray—California jack mb 
bit 
Equus sp.—Horse 
Camel, as large as Gigantocamelus—Camel 
Antilocapridae sp.—Antelope 


Hibbard—Meador 


When the Borchers fauna lived in that region, 
the climate was as warm as it is at present, o 
warmer. The fauna as a whole is related to th 
recent fauna of southwestern North America 





It appears to have lived near the optimum co 
ditions of an interglacial time. Unfortunately » 
molluscan remains were found associated with 
the vertebrates, nor are they known from thi 
horizon in the Pleistocene deposits unless # 

Rezabek fauna of Lincoln County, Kansas,i 
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, 1943b). The only known form com- 
mon to the Borchers fauna and the Cudahy 
fauna is Reithrodontomys cf. pratincola. It is of 
interest to note the return of some genera and 
even some species common to the region when 
it was occupied by the warm upper Pliocene 
Rexroad fauna. This is the first known appear- 
ance of these forms in the region since the shift 
of the Rexroad fauna. When the interglacial 
fauna that occupied the area prior to the Cud- 
shy fauna and after the recession of the Deer 
Park fauna is found, it should contain more 
forms in common with the Rexroad fauna than 
does the Borchers fauna. 

The Hay Springs fauna of Nebraska was one 
of the first High Plains Pleistocene faunas col- 
lected. The fauna has never been completely 
studied as a unit, though many faunal lists 
have been published (Matthew, 1902; 1918; 
Hay, 1924; Schultz and Stout, 1948). The fauna 
may represent an assemblage from one Pleisto- 
cene horizon, or it may be a faunal complex of 
Pleistocene mammals from more than one hori- 
zn. Schultz and Stout (1948, p. 566) state that 
it is of possible late Kansan or Yarmouth age 
and that nearly all of the fossils come from below 
the marl-peat bed and Pearlette ash. The faunal 
list represents an interglacial fauna. The pres- 
ence of Microtus pennsylvanicus (Ord) in the 
collection of the American Museum from this 
fauna indicates that the Hay Springs fauna 
complex is, in part, post-Cudahy fauna in age. 
Most of the forms listed for the Hay Springs 
fauna show a closer relationship to the Cragin 
Quarry fauna than other known faunas from 
the High Plains (Rinker, 1949). The fauna 
appears to be, in part, equivalent to the Rez- 
abek fauna. A definite correlation cannot be 
made owing to the unknown vertical range 
of Pleistocene forms and the unknown strati- 
graphic position of the forms recovered. Its 
relationship to other known faunas is therefore 
questionable. 











Cragin Quarry Fauna (Warm) 
(Hibbard, 1939; 1949) 


The Cragian Quarry fauna was taken from 
an old artesian spring deposit of Pleistocene age 
younger than the deposits containing the Bor- 
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chers fauna in Meade County, Kansas, 23 
miles from the locality of the Cudahy fauna. 


MAMMALIA 

Aenocyon dirus (Leidy)—Dire wolf (extinct) 

Smilodon sp.—Saber-toothed cat (extinct) 

Panthera atrox (Leidy)—Giant jaguar (extinct) 

Felis cf. oregonensis Rafinesque—Mountain lion 

Geomys sp.—Eastern pocket gopher 

Lepus sp.—Rabbit 

Mammuthus columbi (Falconer)—Columbian ele- 
phant (extinct) 

Paramylodon harlani (Owen)—Harlan ground 
sloth (extinct) 

Equus francisci Hay—Francis horse (extinct) 

Equus niobrarensis Hay—Niobrara horse (extinct) 

Camelops kansanus Leidy—Kansas camel (ex- 
tinct) 

Tanupolama sp.— -like camel (extinct) 

Breameryx minimus (Meade)—Meade antelope 
(extinct) 


On the basis of the occurrence of the Colum- 
bian elephant, sloth, and the pronghorn, the 
fauna is considered to have lived in the region 
during an interglacial time. 


Jones Fauna (Climatic conditions intermediate) 
(Hibbard, 1940; 1942; 1943a; 1949) 


The following Jones fauna was found near the 
top of the Vanhem formation. 


Mottusca (See Goodrich, 1940) 

Pisces—unidentified 

AMPHIBIA 
Ambystoma tigrinum (Green) (Tihen, 1942) Tiger 

salamander 

Frog and toad remains 

REPTILIA—unstudied 

Aves—(Downs, in ms.) 

MAMMALIA 

Sorex cinereus Kerr—Shrew 

Mephitis mesomelas Lichtenstein—Striped skunk 

Taxidea taxus (Schreber)—Badger 

Citellus richardsonii (Sabine)—Richardson ground 
squirrel 

Citellus tridecemlineatus (Mitchil])—Thirteen- 
striped ground squirrél 

Cynomys ludovicianus (Ord)—Prairie dog 

Geomys sp.—Eastern pocket gopher 

Perognathus sp.—Pocket mouse 

Onychomys leucogaster (Wied)—Grasshopper 
mouse : 

Peromyscus sp.—White-footed mouse 
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Microtus (Pedomys) ochrogaster (Wagner)—Prai- 
rie meadow mouse 

Microtus pennsyloanicus (Ord)—Eastern meadow 
mouse 

Camelops sp.—Camel (extinct) 

Platygonus sp.—Peccary (extinct) 


These forms are all modern in aspect (ex- 
cept Camelops and Platygonus) though Microtus 
pennsylvuanicus, Sorex cinereus, and Citellus 
richardsonii are no longer found living in Kansas 
but now live much farther north and north- 
west. Their presence in the deposit indicates a 
cooler and slightly more humid condition than 
the present. The fauna may have lived in the 
region after the Wisconsin ice sheet had begun 
to shrink. 


Speciation during the Pleistocene 


Much has been written on the lack of develop- 
ment of new forms during the Pleistocene be- 
cause of the short duration of that epoch. As 
can be seen from the above faunas, each shift 
brought new forms into the region, but few of 
these are immigrants from other continents. Not 
enough is known of any one species to trace 
its phylogeny through the Pleistocene. It is evi- 
dent that considerable speciation as well as ex- 
tinction did take place during the Pleistocene 
(Gazin, 1942). To speculate upon the problem 
is like trying to walk on the thinnest of ice; at 
least 15 genera of the modern North American 
land mammals north of the Mexican boundary 
are unknown from Cenozoic deposits although 
they must possess a long geologic history. 


NEED FOR PLEISTOCENE PALEONTOLOGISTS 


With improved methods in collecting from 
Pleistocene horizons, such as sifting and wash- 
ing of matrix, there has been built up a large 
backlog of invertebrate, fish, amphibian, reptile, 
bird, and mammal remains most of which must 
occupy storage space in numerous museums un- 
til specialists in these fields are available. 

A study of these remains would considerably 
enrich and advance our knowledge of the life 
of the Pleistocene and of the dispersal and 
speciation of our Recent faunas. . 

All this knowledge is essential in the correla- 
tion and dating of Pleistocene deposits. Once 
the glacial, interglacial, and nonglacial deposits 
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are correlated, the relative chronology of ¢ 
Pleistocene will be known, and in the fyp 

can be placed in its proper position against ¢ 
yardstick of an absolute chronology. Further 
more, it will settle the problem of the Pliooey 

Pleistocene boundary. 


PLIOCENE-PLEISTOCENE BOuNDARY 


In a report on the Pleistocene studies ¢ 
North America at the present time, the que. 
tion of the Pliocene-Pleistocene boundary prob. 
lem cannot be ignored. Those interested in the 
controversy are referred to the Pleistocene of th 
Great Plains (Colbert, 1948). 

Owing to the fact that the Benson fauna ¢ 
Arizona, the Blanco fauna of Texas, the Rez. 
road fauna of Kansas, and other faunas of 
equivalent age are pre-Nebraskan, they are not 
included in the present discussion of the Pleis. 
tocene faunas of North America. The faum 
from the Broadwater of Nebraska has not been 
described and therefore cannot be definitely cor. 
related with other faunas. 

Until the faunas and deposits are well enough 
known in North America to allow a sound cor. 
relation of glacial deposits with nonglacial de- 
posits, and the correlation of Pleistocene faunas 
from the High Plains with Pleistocene faunas 
from eastern and western North America, any 
attempt to correlate American and European 
Pliocene and Pleistocene faunas is futile. 


CONCLUSIONS 


The work done in Pleistocene Vertebrate 
Paleontology in North America during the past 
15 years has been emphasized. Throughout this 
period an increasing number of students have 
contributed to our knowledge of Pleistocen 
vertebrates. Common interests have developed 
among Pleistocene geologists, anthropologists, 
paleobotanists, members of the Ground-Water 
Division of the U. S. Geological Survey, and 
members of the Soils Research Division of the 
U. S. Department of Agriculture. This 
operation has made possible many of the recent 
contributions; furthermore, it has stimulated 
and helped to initiate new approaches to the 
study of Pleistocene deposits and their om 
tained fossils. 

Great progress can be predicted in faunl 
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studies, in paleoecology, and in the correlation 
of Pleistocene faunas for the future in North 
America, as well as a better understanding 
among the various specialists in related fields, 
with a close intergradation of related facts. 
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have a twofold nature. One aspect is concerned 
largely with areal description of deposits and 
topographic forms attributed to glaciation. The 
other aspect deals with search for principles of 
glacial erosion and deposition by which the de- 
posits and topographic forms have originated. 
While these two aspects are so closely related 
as to be virtually inseparable, the latter is of 
greaterfundamental significance than theformer, 
although knowledge of the principles of glacia- 
tion rests mostly on accurate observation and 
description of the field evidence. Field evidence, 
however, has generally been interpreted in terms 
of principles already accepted by the investi- 
gator, and descriptive terminology has been se- 
lected accordingly. This may be standard pro- 
cedure, but its application to glacial features 
is decidedly more hazardous than is the case 
with either fluvial or eolian features. Erosion 
and deposition by streams and wind can be 
studied at close range both in the field and in 
the laboratory, but observation of processes be- 
neath moving ice a few hundreds or thousands 
of feet thick may forever remain as impossible 
as observation of metamorphism beneath a de- 
veloping mountain range. Laboratory studies on 


1429 


for caution and for confirmatory evidence. Care- 
ful distinction among hypothesis, theory, and 
demonstrated principles is essential. 

The present paper directs attention especially 
to some of the more recent contributions to the 
principles of glaciation. For discussions of areal 
studies, readers are referred to the excellent 
summaries by Flint (1947) and by Woldstedt 
(1929). 


GLACIAL EROSION 
Historical Summary 


In the early days of the present century, 
opinion among glacial geologists became sharply 
divided on the subject of whether glaciers, par- 
ticularly continental glaciers, did or did not 
effect much erosion. In 1905 Fairchild stated 
the extreme view of the nonerosionists by de- 

ing “the ice-erosion theory a fallacy’, 
though headmitted a certain amount of abrasion 
or smoothing of bedrock surfaces by the passage 
of the great glaciers. Even regarding erosion by 
valley glaciers, some investigators have sus- 
pected that rills of meltwater beneath the ice, 
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pressed and repeatedly diverted by forward ice 
motion, could account for much of the valley 
deepening ascribed by others to glacial erosion. 
Because of conflicting interpretations of evi- 
dence, most geologists have adopted the view 
that glaciers effect considerable erosion “under 
favorable conditions.” Current study and re- 
search are still seeking to determine what con- 
stitutes favorable conditions. 

Early studies of glacial erosion were greatly 
handicapped by erroneous concepts regarding 
the principles of glacier movement. Until the 
present decade, most investigators based their 
interpretations of glacier activity on the un- 
warranted assumption that the basal parts of a 
continental glacier were relatively slow moving 
or stagnant because of their load of drift, es- 
pecially in areas of appreciable topographic re- 
lief. Thus a glaciated plateau was regarded a 
priori as having undergone, in general, more 
erosion on the hilltops than on the valley floors, 
The few papers opposing this view in the 1920’s 
and 1930’s received scant recognition. The out- 
standing recent contribution to this field is the 
work of Demorest (1938; 1942). His thorough 
analysis of the mechanical principles involved 
in glacier movement is supported by ample field 
evidence. Rate of plastic yielding of the ice 
increases with depth, and the basal zone of a 
glacier is much more mobile than was generally 
supposed. Especially in continental glaciers, 
the chief movement of ice toward the glacier 
margin is by a squeezing out of the basal ice 
from beneath the weight of ice above it. This 
principle of extrusion flow affords a promising 
approach to the solution of many problems in 
glacial erosion, transportation, and deposition. 

Many of the concepts regarding glacier move- 
ment which Demorest has so ably elucidated 
have long been accepted by at least some worker 
(Geikie, 1895, p. 200-201), though the subject 
had lacked thorough and comprehensive formu- 
lation. Outside the United States and Canada, 
war conditions have delayed somewhat the 
recognition of Demorest’s contributions. How- 
ever, European workers are now informed 
through the medium of the newly organized 
British Glaciological Society. This society will 
undoubtedly prove to be a most important 
medium of international communication on all 
phases of glaciologic study. 
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Modes of Glacial Erosion 


Present workers agree in general that remo 
of joint-bounded blocks of bedrock is gy 
tatively more important than bedrock abrasj 
though the actual amounts can only hej 
ferred. The evidence, however, comes f 
glacial-erosion features (Jahns, 1943) and f 
the stony nature of the drift in many plag 

Glacial erosion is notably selective, and 
most instances the reasons for this select) 
are obscure. Along a typical glaciated valley, 
for example, short but steep descents alten 
with relatively longer segments of gentle ( 
even reverse) gradient, making the so-callej 
stair-step profile. Some investigators explain thy 
profile as the expression of notable differency 
in either lithology or structural features sug 
as jointing, or both. Other investigators hay 
failed to find these controls or have regarded 
them as inadequate. With adequate structum] 
control, the “risers” of the stair-step profie 
should remain stationary as valley deepening 
goes on; but, without structural control, thes 
declivities should either disappear or migrate 
upvalley by sapping or block removal. Probably 
most students accept the doctrine of structunl 
(joint) control advocated by Matthes (1930), 
though the present writer suspects that this 
planation is only a first approximation to th 
truth. Cotton (1941) favors the view that both 
abrasion and some form of subglacial sappin 
have played significant parts in the develop 
ment of most “stepped” valley profiles. 

Block removal is commonly referred to # 
glacial quarrying or glacial plucking, thoughi 
most cases without clear explanation of the 
chanics involved other than simple shovi 
Rigid ice may effect an enormous amount @ 
shoving, as has been observed along the bo 
of some valley glaciers, but the increasing weight 
of evidence that deep erosion has occun 
where the basal ice must have been unu: 
plastic shows the need for renewed search 
discover other possible means of bedrock ¢ 
ruption. Most believers in the plucking 
pothesis probably assume the mechanism de 
stated by Cotton (1941, p. 121). The glad 
ice freezes to “loosely held joint-bounded bl 
of rock (water passing readily into ice at in 
ing temperature wherever tension is develop 
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and the blocks are dragged away.” To be effec- 
tive, this mode of erosion is believed to involve 
sme additional assumptions. (1) The ice thus 


’ adhering to the block must have considerable 


rigid continuity with the moving ice above it 
inorder to transmit the necessary tractional 
force. The amount of tractional force available 
may be a resultant function of the rate of glacier 
movement forward on the one hand and, on the 
other hand, the rate at which the ice could yield 
ically to the stresses thus set up. (2) The 
tensile strength of the ice must be adequate. 
§ (;, vitally important) The heat set free in freez- 
Bing must be removed, presumably by conduc- 
tion, (4) Probable freezing of ice to an adjacent 
immovable rock mass would necessitate differ- 
eitial movement within the rigid, tension- 
stressed ice, either by differential flow or by 
shear-plane gliding. This is to permit the prism 
otice with its attached block to move forward 
past the adjacent and equally rigid ice on either 
side. 

Stress conditions implied by the expression 
“development of tension” may be better inter- 
preted as merely a local condition of relatively 
lover pressure. This latter view emphasizes the 
existence of a pressure gradient. Thus, instead 
of appealing to traction on the front of a block 
which happens to face into the zone of lower 
pressure, the possibility of pressure from the rear 
should receive careful attention. Carol (1947) 
has recently observed the plastic flow of ice past 
a bedrock knob beneath a small glacier in the 
Alps. Though because of the thinness and 
_m rigidity of the ice the observed conditions were 
.§ not comparable to those at great depth, Carol 
suggests that water from pressure melting on 
iB the stoss side might move along the joints in 
the rock and refreeze on encountering reduced 


ich Pressure near the lee side, thus forcing away 
nei the joint-bounded blocks. This appears to be a 


promising hypothesis. If the joints are suffi- 
ciently open, ice may enter them directly as 
interpreted earlier by Martin (1927), who de- 
scribed till-filled joints in limestone at Kinne- 
kulle, Sweden. 

Conduction of heat from the Earth’s interior 
is believed to be a potent factor opposing ex- 
tensive bedrock disruption by regelation along 
joints. Normally, beneath a deep glacier, the 
tock temperature is presumed to increase down- 
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ward, beginning from the temperature of pres- 
sure melting at the glacier floor. Holmes (1944) 
has suggested that block removal at places of 
deep glacial erosion may have been facilitated 
by downward percolation of water from pressure 
melting or from other possible sources, which 
would lower the temperature of the subjacent 
rocks and permit easy regelation in the joints 
along the glacier floor. The rocks also must store 
and release heat in response to pressure melting 
and regelation of the ice in contact with them. 


Erostonal Topography 


In addition to the characteristic erosional 
forms already mentioned, a few others, includ- 
ing cirques, have received notice in the recent 
literature. The notable steepness of the cirque 
wall is believed due to sapping at the base where 
the joint-bounded blocks are probably not 
“loosely held.” Processes of block removal 
within the bergschrund (crevasse between glacier 
and cirque headwall, which opens up each 
spring or summer) are essentially comparable 
to those at the surface where atmospheric tem- 
peratures can function. However, much head- 
wall sapping has evidently gone on far below 
the depth to which the bergschrund would ex- 
tend, and the processes there may well be the 
same as those by which the valley-profile steps 
are believed (by some) to recede. 

In recent discussions of the cirque-wall prob- 
lem, Lewis (1940; 1949) has stressed the possi- 
ble role of surface-derived meltwater which flows 
into the bergschrund in summer. His statement 
of temperature equilibrium between ice and 
meltwater is well expressed, and he suggests 
that freezing of this water is a chief process in 
cirque-wall recession. However, he apparently 
ignores the all-important matter of heat re- 
moval necessary to cause such freezing beneath 
the ice cover where air circulation is impossible. 

Glacial erosion of bedrock is generally be- 
lieved to result in the roches moutonnées type of 
topography (numerous rounded bedrock knobs), 
whether brought about by valley, piedmont, 
or continental glaciers. A disputed question is 
whether such a surface represents the maximum 
depth to which the eroding ice could excavate 
because of lack of sufficient joints in the rock, 
or whether that surface develops early in the 
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process and is merely a characteristic of glacial 
erosion without being an indication that the 
glacier had reached its ultimate in bedrock 
erosion. The characteristics of roches moutonnées 
most commonly mentioned are the strongly 
abraded stoss sides and the uneven lee sides evi- 
dently shaped by block removal. Significantly, 
these manifestations of glacial erosion represent 
destruction of the forms rather than their crea- 
tion. Their presence suggests an-earlier phase 
of block removal which has left the rock knobs 
as prominencesamong the sitesof deepererosion. 
The two phases of erosion probably develop 
together, and recognition of both seems desir- 
able. 

Several occurrences of glacial bastions (bed- 
rock salients in a main valley at tributary junc- 
tions) in Colorado have been noted by Ives 
(1946), who believes this type of land form may 
be more widespread than is now realized. Ives 
suggests that failure of the main glacier to widen 
its valley at these tributary junctions is due to 
shoving of the main glacier away from the 
proximal valley wall by thrust from the enter- 
ing tributary. This interpretation apparently as- 
sumes a high degree of ice rigidity in both the 
main and tributary glaciers, and valley deepen- 
ing mostly by abrasion. The present writer be- 
lieves that other hypotheses might profitably 
be considered. 

In nearly all regions, topographic irregulari- 
ties seem to have influenced strongly the local 
directions of movement of the eroding glaciers, 
where presumably the basal ice was moving by 
extrusion flow. However, at certain localities in 
Canada, striae and glacial grooving extend in a 
nearly constant direction without apparent in- 
fluence from either topography or structure 
(Bateman, J. D., personal communication; 
Smith, 1948). How the conditions of glacier 
movement in these instances differed from those 
at other localities has not been explained. 

Striae on bedrock surfaces have long been the 
standard guide to direction of glacier flow. How- 
ever, where movement of the basal ice was sub- 
ject to strong topographic control, glacier move- 
ment may seem to have been equally possible 
in either direction. Also in many cases con- 
firmatory evidence is highly desirable, as is 
shown by the interpretation (Clark, 1937) that, 
near the New England-Canadian boundary, 
a late Wisconsin glacier moved northward to- 
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ward the St. Lawrence lowland. Striae made} complete 


this ice could well be taken as indicating south 
ward flow. Friction cracks in the bedrdf 
(Harris, 1943) may provide the necessary con. 
firmation. These cracks are ch 
crescent-shaped spall scars, many of them jm. 
perfect, caused presumably by pressure from 
boulders pressed downward and forward as ty 
glacier moved them along. Some of the cres 
centic forms are convex in the downcurrent g. 
rection, while others have the reverse ore. 
tation. The diagnostic feature common to both 
is the forward or downcurrent dip of the basd 
fracture surface. As these fractures are wei Ee 
deeper than striae, they are generally 
long after the accompanying striae are too fain | 
for positive interpretation. 


GLACIAL SEDIMENTATION 


Historical Summary 


Most glacial deposits occur as land forms » 
strikingly different from those characteristic of 
aqueous deposits that many investigatop) sting to: 
have been satisfied to study only the phys sad gravel 
graphic aspects of these deposits. While in mong gathorities 
instances and for many purposes the tops rived from 
graphic expression of glacial deposits is an ade formation 
quate basis for their classification, this emphasi§ planes obse 
on land form has diverted attention from study§ best explai 
of the sediments themselves and has encouraged cier mover 
superficiality and false assumptions. Until mfesis, one m 
cently the study of glacial sediments has lacked} have been 
the stimulus of strong economic demands, andf the ice mat 
thepredominantly pure-science aspect of thefield § equilibrium 
has attracted relatively few workers. Howevet,fiore just as 
the present strong and increasing demand fetffrom which 
gravel in the construction industries and inroad 
building has accompanied more critical analyss 
of structural foundations and more intensive 
study of soil properties and origins. In glaciatell Another 
territory these activities involve glacial feature emerged frc 
directly and have given impetus to the st Mftill has an 
of glacial deposits primarily as sediments. 1iliganization , 
present trend is a long-delayed return t0 &i(Holmes, 1 
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of size sorting, glacial deposits constitute a 
complete gradational series ranging from the 
characteristic heterogeneity of till to the best 
of size sorting and stratification which moving 
gater has produced (Flint, 1947). Even though 
most till exposures give no obvious indication 
ofwater action, any sediment deposited by gla- 
cier ice must be set free by melting. Therefore 
allice deposits have accumulated in the presence 
ofat least a thin film of meltwater which may 
haveremoved (or added) some of the finer grade 
sins. This can hardly be classed as a recent 
disovery, though the concept remained ob- 
sowe for many years. The usual distinction be- 
tween till and stratified (size-sorted) drift is in 
certain cases necessarily arbitrary, though it is 
essential for purposes of study and discussion. 
As melting and deposition of drift are be- 
+ | lieved to occur throughout a zone extending 
some miles back from the glacier margin, the 
metwater must ultimately find its way out from 
+ | beneath the ice. Local and temporary concen- 
MS 9} tration of meltwater flow under these condi- 
stic off tions has apparently brought about enough size 
wting to develop the pockets or lenses of sand 
aad gravel now encased in the till, which some 
dithorities prefer to regard as “boulders” de- 
tne tived from an overridden outwash deposit. De- 
n ade§ formation or steep tilting of the stratification 
Dhasi§ planes observed in many of these gravels seems 
‘study best explained as due to contemporaneous gla- 
sraged cier movement. Under the “boulder” hypoth- 
til tf esis, one must explain how these masses could 
lacked have been carried and deposited intact while 
s, and the ice matrix or “cement” was in temperature 
hefied equilibrium with the surrounding ice and there- 
fore just as plastic as the transporting medium 
nd ferffrom which they finally escaped. 
in road 
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Another important fact which has recently 
emerged from half a century of obscurity is that 
Mjtill has an inherent and easily recognized or- 
ganization conveniently referred to as till fabric 
(Holmes, 1938; 1941). The imbedded stones 
have statistically preferred orientations with 
respect to the direction of flow of the ice from 
ich they were deposited. Preferred orien- 
tation of the stones is influenced to some extent 
by their shapes and degrees of roundness. It 
words many clues to the conditions attending 


deposition and records the direction of glacier 
flow while the component fragments were being 
released from the ice. 

As Flint (1947, p. 107) has stated, the study 
of till fabric involves arduous and painstaking 
effort, but it offers a relatively new field of 
geologic research from which significant results 
may be confidently expected. It has already 
found practical use in Finland (Hyyppa, E., per- 
sonal communication; Okko, V., personal com- 
munication). Recently Lundqvist (1948) has 
compared stone orientation in till and other 
types of deposits including solifluction masses. 
He concludes that orientation is a distinct aid 
in working out the history of a deposit, but that 
it must be used with caution. 


Depositional Types 


Correct interpretation of the effects of con- 
tinental glaciers requires the mapping of gla- 
cially produced features on a continental scale. 
For North America, the progress of this work 
is admirably summarized and represented on 
the Glacial Map of North America (Flint and 
others, 1945). No comparable map of European 
glaciation exists, though preliminary inquiry is 
under way by members of the Committee on 
Interrelations of Pleistocene Research. A simi- 
lar map or summary for South America also is 
needed. As for the Asiatic regions, prospects for 
adequate data of this kind within the near fu- 
ture seem dubious, though such data are equally 
desirable. 

Much detailed work in North America is still 
needed, especially in the vast area adjacent to 
Hudson Bay where the glacial geology is barely 
outlined even by reconnaissance surveys. How- 
ever, much recent progress has been made in 
connection with surveys organized primarily for 
other types of geologic work. Published results 
deal with such features as end-moraine and 
ground-moraine patterns, drumlins, and eskers, 
which can be studied effectively in part by the 
use of aerial photographs (Norman, 1938; Wil- 
son, 1938a; 1938b; Sproule, 1939; Gwynne, 
1942). 

The logical assumption that all typical 
ground-moraine topographic features constitute 
a gradational series finds at least partial ex- 
pression in the familiar term drumlinised. The 
commonly well-defined limits of typical drumlin 
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areas have perhaps discouraged emphasis of 
this possible gradation in topographic expres- 
sion. However, in many places the characteristic 
swell-and-swale topography of the Midwest till 
plains borders closely on the type of surface 
often described as drumlinized. Furthermore, 
drumlins as strictly depositional forms grade 
into rock-cored drumlins, the extreme forms of 
which are believed to owe their shape chiefly to 
glacial erosion. In topographic expression, there- 
fore, this depositional series begins with, and is 
akin to, these erosional forms of roches mouton- 
nées aspect. 

On a till-plain surface in Iowa, Gwynee (1942) 
has noted a mottled or reticulated pattern in 
which the transverse markings seem best inter- 
preted as a series of end-moraine deposits. They 
are so inconspicuous as to be noted only with 
the aid of aerial photographs. This occurrence 
is therefore another type of merging of ground 
and end moraines commonly observed along the 
inner borders of many Midwestern end moraines. 
A much more pronounced form of annual reces- 
sional end moraine is the so-called washboard 
moraines well displayed in parts of Quebec 
(Norman, 1938). 

Hitherto unknown or little-known areas of 
drumlins have been described recently from 
Michigan (Bergquist, 1942) and from British 
Columbia (Armstrong and Tipper, 1948). An- 
other drumlin study in southern Ontario (Put- 
nam and Chapman, 1943) supplements the 
much earlier investigations in the classic region 
of western New York and raises new questions 
regarding the manner in which the Lake On- 
tario Basin influenced the behavior of the drum- 
lin-forming ice around its margins. 


Paleoclimatic Inferences 


Observers are likely to encounter anomalous 
types of deformation structures in outwash de- 
posits. In northern Illinois, Sharp (1942) has 
observed zones of sandy silt and clay up to 6 
feet thick which have become expanded and 
have been thrust upward, downward, and lat- 
erally, and are intruded irregularly into ad- 
jacent sand strata. Sharp believes this deforma- 
tion is caused by freezing and thawing while 
the subjacent strata were perennially frozen. 
This implies rigorous climatic conditions in a 
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glacier-free region. Somewhat similar deposi along 
have been described (for example, Slater, 19968 fact, 2 
Berkey and Hyde, 1911) in which the deform, minor 
tion is attributed directly to glacier ice, (4) | 
Contrasting interpretations dealing with prob.) observ 
able climatic conditions attending the last da that go 
glaciation in eastern North America have ap} Resista 
peared recently, based on the occurrence an} remova 
distribution of isolated kames. One interprety.§ ing in ! 
tion (Cook, 1946) is that these gravel mounds} been re 
signify deglaciation chiefly by evaporation} (5) L 
under a cool and clouded sky. Gravelly seqj.} and fur 
ment in superglacial ponds would be lowered to} fabric | 
the ground by slow wastage of the ice sheet, tion m: 
with convection melting of the ice at the bottom} are alre 
of the pond. Water at 32° F., in contact with} need ge 
the ice, is lighter than water a few degress) made fr 
warmer. The coldest water therefore rises andj Simil: 
is replaced by water slightly warmer, thus} comecti 
melting the ice. The other view (Holmes, 1947)f 282 mec 
interprets the kames as due largely to the acJ of the 
tion of abundant meltwater and copious super-§ burial of 
glacial drainage resulting from strong insola-g in the re 
tion. the undi 
horizon. 
(6) Re 
mapping 
_ Bmay not 
Most of the problems here listed have been 
implied in preceding paragraphs. The list is by 
no means considered as a complete catalog d Armstrong 
needs in these fields. tion ¢ 
(1) Further experimental work on ice deforg Jour. 
mation. This is a neglected field, perhaps beg Bergquist, 





SomME NEEDED RESEARCH BEARING ON GLACI 
EROSION AND SEDIMENTATION 


cause of the difficulty and expense of getting ™ 4M 
properly designed apparatus. Substitutes fori Paper 
cannot be expected to yield significant result Bahay, C. 
The search should be for principles governi tee 
the behavior of ice as it responds to differenti ol, Han 


pressures beneath a glacier many hundreds@ née | 
feet thick. T.E 
(2) Thorough study of ground-water cond Quebec 


tions around existing glaciers. The informatiog 220. 
00k, rf H 


sought should include the amount of glaci 
derived ground water, its depth of circulatiogl  S¢posit 
and its influence on the geothermal gradie ottor Cc. 


(3) Careful studies of rock jointing in ata, 
of deep glacial erosion. Cirques and the 


emorest 





glacial 
steps along glaciated valleys are among the (1942 
vorable sites. The study should include eq Part I, 
careful and thorough investigation of joiMtil glaciers 
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posing slong the valley walls between the steps—in 
1925) fact, along the entire valley, with emphasis on 
minor as well as major joints. 

(4) Critical analysis, based on extensive field 
1 prob. observation, of rock properties or characteristics 
ast de that govern relative resistance to glacial erosion. 
Resistance to abrasion and resistance to block 
ce anj} removal must be carefully distinguished, bear- 
rpreta.) ing in mind that erratics of enormous size have 
nounds been reported. 
oration) (5) Investigation of till fabric in many areas, 
y sedj-) and further comparison of this fabric with any 
ered to} fabric evident in landslide deposits, solifluc- 
, sheet, tion masses, and similar materials. Engineers 
bottom) are already studying in this field, but geologists 
ct with} need geologic interpretations rather than those 
degrees made from the viewpoint of the engineer. 
ses andj Similar fabric studies might prove useful in 
r, thus connection with excavation at archaeologic sites, 
s, 1947)} as2 means of detecting subsequent disturbance 
the acf of the accumulated matrix materials. Later 
s super | burial of objects would doubtless leave a fabric 

insol-§ in the replaced covering different from that in 
the undisturbed deposit at the same apparent 





(6) Restudy of glaciated areas where earlier 
a“) mapping and interpretation of glacial features 
may not have been done systematically. 
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The only fact that can be stated without 
reservation regarding the relation between the 
Pleistocene glaciations and atmospheric condi- 
tions is that during various stages of this epoch 
surface temperatures in many regions were 
considerably lower than they are at present. It 
is uncertain whether this lowering of tempera- 
ture over large areas of the surface of the earth 
was the cause of the various periods of glacia- 
tin or whether it was a consequence. The 
whole problem has been the subject of specu- 
lation, and it is questionable whether any of 
the numerous hypotheses advanced can be dig- 
nified by the designation “theory”’. 

Geologists, geographers, meteorologists, phys- 
icists, and lately even a physical chemist have 
contributed ideas which try to unravel the 
cause-and-effect relationships between climate 
and glaciation. In critically reviewing these hy- 
potheses, one is forcibly struck by the fact that 
each author has analyzed the question in the 
light of his own experience, and in most cases 
has disregarded knowledge accumulated in the 
neighboring fields. The co-operative effort which 
will be made through the NRC Committee on 
Interrelations of Pleistocene Research can serve 
to guide future research work along lines which 
will bring all the evidence together and focus it 
on the problem. 





As in all sciences that deal with history, it is 
usually easiest to work from the present back 
to more ancient times. We have now available, 

comparative material, approximately 50 
ears of world-wide meteorological observa- 
ions. The coverage is reasonably good over the 
continents, but data from oceariic areas are still 
parse. These oceanic data do not enable us to 
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A REVIEW BY THE MEMBERS OF THE COMMITTEE ON INTER- 
RELATIONS OF PLEISTOCENE RESEARCH, NATIONAL 
ResearcH CounciL 


6. CLIMATOLOGY OF THE PLEISTOCENE 


By Hetmut LANDSBERG 


test climatic trends. This should be kept in 
mind because the oceans cover about five- 
sevenths of the earth’s surface. Hence our dis- 
cussions on climatic trends of the present time 
are essentially based on observations from land 
stations. These observations show a progressive 
warming since 1900, especially in latitudes 
higher than 40°. The investigations along this 
line cover a great many areas in the Northern 
Hemisphere, ¢.g., North America (Kincer, 1946), 
Greenland (Hovmdller, 1947), England (L. F. 
Lewis, 1948; Manley, 1946; 1948), The Nether- 
land (Labrijn, 1945), Sweden (Angstrém, 1939), 
Norway (Hesselberg and Birkeland, 1940), 
U.S.S.R. (Rubinstein, 1947). Evidence of rising 
temperatures during the last few decades is too 
overwhelming to be disregarded, but some ques- 
tions remain. One is whether the observational 
series are homogeneous. In many places equip- 
ment and exposure of the instruments have 
changed. Such changes could affect the magni- 
tude of the trend. More important for inferences 
regarding times earlier in the Pleistocene is the 
question as to how sustained such a trend might 
be. Inspection of some of the earliest European 
instrumentalrecords indicates that trends toward 
higher and lower temperatures of similar mag- 
nitude and several decades’ duration have oc- 
curred in the past. Hence one might conclude 
that such ups and downs are just part of the 
pattern of the present climate and therefore in- 
significant, if one thinks in terms of geologic 
time. Kincer has recently presented some ma- 
terial which, he believes, indicates a reversal of 
the upward trend of temperature noted in the 
first four decades of the present century. One 
should, however, not discount the usefulness of 
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analysis of the data from the period of instru- 
mental records for the problems of Pleistocene 
climates. These data may give us leads to the 
causes of climatic variations in general. 

Even our oldest meteorological records cover 
only about 250 years—and that length of record 
is available from a very few stations only! Thus 
indirect approaches to appraise the climatic 
changes of longer epochs have to be used. Gen- 
erally, these other methods are only qualitative, 
and it is difficult to correlate them with other 
pertinent phenomena. Perhaps most important 
is the evidence offered by glaciers, which have 
been retreating everywhere in the world since 
the latter part of the nineteenth century (Ahl- 
mann, 1943). 

Prior to the middle of the last century, for 
the preceding several hundred years, the best 
available evidence is archaeologic. According to 
Ahlmann (1943), this evidence, especially in the 
Sub-Artic regions of the Northern Hemisphere, 
indicates several periods of relative warming 
and cooling which have contributed to the 
spread and decrease of population in those areas. 
In the more moderate regions we have historical 
reports on crops and the limits of distribution of 
certain crop plants. As we go back in time the 
methods become more and more indirect. Tree 
rings have offered some suggestions on climatic 
conditions for the past 1000 years, although 
this evidence seems essentially restricted to in- 
ferences concerning precipitation values. Per- 
haps the most important conclusion is that there 
is some relation to the rhythms of solar activity. 
However, the samples which cover longer period 
of time are restricted to a few localities. These 
tests also lack sufficient chronological correla- 
tion over larger portions of the earth’s surface. 
The same applies to the evidence furnished by 
pollen analysis and the distribution of various 
types of animals which are sensitive to temper- 
ature and/or precipitation changes. 


1The stations with the longest uninterrupted 
record are: Paris, France (1664); Wroclaw, Silesia 
(1692); Berlin, Germany (1700); Upsala, Sweden 
(1722); Lund, Sweden (1723); Padova, Italy (1725); 
Leningrad, USSR, (1725). In North America the 
first uninterrupted series started in 1780 in New 
Haven, Connecticut. Interrupted series, some of 
which start earlier than indicated above, are of rel- 
atively small value in the investigation of climatic 
trends. 
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We are confronted with three major hypoth. : 
eses on the climatic variations leading to the pe 


Pleistocene glaciations. The first, elaborated by This 
Milankovitch (1930), bases changes in temper.§ ". 
ature on periodic variations of the solar radia. oe 
tion received in one hemisphere, because of 
changes of the axis of the earth due to precession, 
and of elements in the path of the earth aroun 

the sun. These computations have led to a curye ba 
purporting to show a chronology of appros part 
mately 600,000 years of climatic variations § the ¥¢ 
Even hemisphere-wide diminution of heat sup. a 
ply cannot explain the observed geological facts a 
of glaciation if the total heat supply for the} “via 
earth as a whole is constant (Flint, 1947), In 

the light of present knowledge on atmospheric The 
circulation this latter objection does not neces change 
sarily hold. Even for shorter intervals of time | “8 
changes in the general atmospheric circulation change 
on one hemisphere almost immediately have re radia 
percussions on the other hemisphere. In fact, calcula 
the East Asiatic-Australian monsoon circulation | 
is one single cell system and causes substantial ome 
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air movements across the equator. Recent 1885) i 
studies on the general circulation of the at- best 
measur 


mosphere have shown that the air motions over 
the surface of the earth form one indivisible rockets 
whole and any changes in one place will affect diate, 
the remainder of the global circulation. Sine 
it can be assumed that there has been in they "S# 
recent geologic past an entirely unsymmetrical take ms 
distribution of land and sea with regard to the 
equator, quite possibly a change of heat supply 









sideration. The greatest weakness is the fad 
that neither the elements of the path of 








addition, the procedure of converting radiatia 
energy into surface temperatures is stil] tenuous 

It may be apropos to quote here a translatiog to long-r 
from Ludwig Rueger (1948). (Some of tig emitted 
references quoted by him are not available iq Clouds of 
the author; they are listed in the bibliographg system. . 
under Rueger’s name.) His evaluation of t tion of s 
state of affairs based on the recent affect th 
literature in the field, however, jibes clos 
with our own. 
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«A series of rs discuss the chronology of the 
Fs Spi le pectaced a chronology which is 
considerably at variance with that of Milankovitch. 
This has led to a controversy with Wundt who 
tries to show that Spitaler has used incorrect 

ises. The difference in the indication of years 
Milankovitch and Spitaler are in several 

places more than 100%! From a physical point of 
view Wagner considers the contradiction between 


Milankovitch and Spitaler as unsolved. Schwarz- 


from a ical point of view is very skep- 
poe with Aer to the diluvial chronology of 
Milankovitch and Soergel. This reticence, and in 
ition, which has also been reflected in 

ae of other authors, applies to the accuracy 

of the absolute chronology and also to the reasonin, 
which considers radiation as the main cause 0’ 
jation. We therefore find that the probiem of 

ae chronology is still in full flux.” 


The second major hypothesis postulates 
changes in solar radiation. Present-day evidence 
suggests that there are at least short periodic 
changes in the extra-terrestrial intensity of solar 
radiation. This evidence, in part, is based on 
calculations which, in detail, are open to criti- 
dsm. This applies especially to the determina- 
tions of the so-called “solar constant” (Abbott, 
1935). However, some of these earlier calcula- 
tions might soon be checked by more direct 
measurements taken at great altitudes from 
rockets. The observations of the past years in- 
dicate, however, that solar radiation actually 
fluctuates. It is less clear whether such fluctua- 
tions are anything but short-periodic, and it will 
take many years of observation before any long- 
term trends can be discovered. Investigations 
on the general circulation in the atmosphere also 
seem to point more and more toward solar in- 
fluences upon the large-scale fluctuations that 
must have occurred in the past (Willett, 1947). 
Insummary, the glaciation hypothesis postulat- 
ing fundamental changes in the solar radiation, 
"§ coupled with simultaneous formation of moun- 


ute tains, remains the strongest contender in the 


field, even though individual elaborations of this 
theme are open to question (Simpson, 1939). 
fiom A variant of this hypothesis attributes the 
ousg change of radiation received by the earth not 
jo to long-range fluctuations of the primary energy 
emitted by the sun but to effects caused by 
clouds of cosmic dust, which entered the solar 
system. By absorption, scattering, and reflec- 
tion of solar radiation such dust clouds might 
affect the heat balance of the earth materially 


im (Sucksdorff, 1938; Menzel, 1948). 


One of the most recent hypotheses on the 
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cause of ice ages points out certain flaws in the 
Simpson theory, and it does not start from an 
a priori long periodic variation in the solar radi- 
ation. This hypothesis, proposed by the late G. 
N. Lewis (1946), holds that the glaciation 
phenomena could well be explained on a thermo- 
dynamic basis by a “siphoning process’, which 
brings water by evaporation from the oceans to 
the already glaciated areas. It envisages only 
relatively slight changes in surface conditions, 
which might be produced entirely by terrestrial 
phenomena and lead to “run-away” conditions. 

It cannot be our task here to review all the 
pros and cons of the various hypotheses, but we 
shall, rather, point out some of the investiga- 
tions that might profitably be carried out to 
help solve the overall problem. 

There is still a great need for observing con- 
temporary changes that may throw light on 
past climatic history. This involves not only fol- 
lowing the trends of individual climatological 
elements, such as temperature, but also work 
on overall trends in the atmospheric circulation. 
In that respect, studies of the type started by 
Brier (1947) would seem to be of considerable 
importance. The material for this study is on 
hand in the Northern Hemisphere weather 
charts, prepared during the war by the U. S. 
Weather Bureau, in co-operation with the 
Armed Forces. These cover the period from 1899 
through 1938. It is now contemplated to bring 
this material up to date and keep it current. 
The greatest deficiency in this line is the lack 
of a similar series of charts for the Southern 
Hemisphere, particularly in view of the possible 
effects of the general circulation in the Southern 
Hemisphere on the Antarctic Ice Sheet. 

Some information on the changes in Antarc- 
tica might be obtained by comparative studies 
of the meteorological results of the earlier Byrd 
expeditions with the data collected by Oper- 
ation “High-jump”, and an evaluation of this 
material is now under way. In this connection, 
the detailed meteorological observations from 
the second Byrd expedition should be published 
at the earliest possible date*. The significance of 
these studies for new hypotheses on the Pleisto- 


* Published while present paper was in press: 
Court, A. (1949) Meteorological data for Little 
America III, Mo. Weather Rev., Suppl. no. 48, 
Washington, D. C. 
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cene glaciation has been discussed recently by 
Manley (1948). 

It should not be overlooked, however, that 
sporadic data collected on individual expeditions 
from this area are unsatisfactory for this type 
of climatic study. The real advances in this field 
will have to await establishment of permanent 
bases in Antarctica. Only if long records are 
available can we expect to obtain the necessary 
correlations with simultaneous fluctuations in 
sea and land ice in that area. 

More information is also needed on actual 
fluctuations of solar radiation. Our knowledge 
of the actual changes in the “solar constant” 
is still doubtful. This applies also to the solar 
energy received by the earth in the radio-wave 
region and through corpuscular radiation. This 
type of energy received from the sun is ap- 
parently absorbed in the high atmosphere. It is 
unknown how much these radiations contribute 
to the energy budget of the atmosphere. At 
present their fluctuations can only be indirectly 
arrived at by observations of the earth’s mag- 
netic field, variations of the ionosphere, and 
studies of the solar corona. There have been 
claims of an influence of these radiations at least 
on the day-by-day variations of weather (Arc- 
towski, 1941; Abbot, 1935; B. and G. Duell, 
1948). 

Another series of observations that in the 
long run may throw some light on this question 
is the accurate measurement of sea levels. These 
would be needed to obtain data for correlation 
with recession of glaciers. 

It is also essential to obtain a synoptic pic- 
ture of all the indirect observations. This means 
that the climatic conditions inferred from tree- 
ring data, archaeological data, data on pollen 
analysis, and data on thermally sensitive ani- 
mals be plotted for simultaneous periods on 
world-wide charts. From these charts the gen- 
eral circulation of earlier periods might be 
inferred, and differences from the present period 
might be obtained. 

Surface data alone will not tell the whole 
story. Contrary to previous ideas, the influence 
of surface glaciation on the general circulation 
is not as significant at was once thought. 
Recent analyses of the circulation in the Green- 
land area have shown that it is not the ice cover 
that changes the circulation (Dorsey, 1945), 
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as has been assumed by Hobbs (1945; jog 
and others. A critical review of Hobbs’ ide 
with many literature references has been pub studi 
lished by Matthes (1946). The influence of thi 20 > 
ice sheet is restricted to the relatively cap” i 
layers of the atmosphere, especially as reganjell "0" 
the amount of precipitation. The circulation gf °°” 
higher levels of the atmosphere is the significant 
factor. The complete mechanism of interactign ‘ 
of low-level weather conditions and circulation 
in the higher atmosphere (above about 10,09 
feet) in a glaciated region is not known. Little 
thought has been given to the problem of hoy 
one might reconstruct the circulation in higher 
atmospheric levels prior to the period of instr. 
mental observations. 
Observations of the distribution of ash, from 
active volcanoes, which has been transported 
by currents at high levels, may contribute to the 
solution of this problem. This presupposes that 
individual specimens of ash could be recovered 
and traced back to a volcano active at the 
particular time. At least in oceanic-bottom 
sediments some evidence of such thin layers o 
volcanic ash can possibly be used to trace high 
level wind direction at the time of deposition. 
The one point that must be emphasized is the 
necessity of obtaining simultaneous observa. 
tions at many points which will give some in 


SP eee, ae 


— (I 


dication of the general global weather condition  siiy 
at a particular instant. Isolated observation} nes 
have very limited significance. Present-day m-— Vith 
croclimatic investigations indicate that withing Brier, G 
small distances climatic conditions, especialy§ hemi 
temperatures, can change radically and resut§ Bull. 
in entirely different plant associations in dlos§ Dorsey, | 
proximity. pects 


It may also be possible to obtain some vale§ Vol ; 





able information by systematic laboratory & Duell, B. 
periments on hydrodynamic and thermodyg ™” 
namic models. Attempts have been made tgp 

son. 


obtain flow patterns in various media wil 
immersed heat and cold sources. Such expet Erikson, 
ments have been carried on in the Hydrodymmg | ~“ 
ics Laboratory of the Department of Meteorg————— 
ology of the University of Chicago. 'For si 
experiments might be extended to various a@matologic: 
sumed models of paleoatmospheric circulating Brooks, 
The greatest drawback to these experimentsigondon. 

that the heat exchange effected by the hyd Wagner 
logical cycle in the atmosphere has to chron 
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. However, the possibilities of model 
studies even along these limited lines er 
not be overlooked. The production of an ‘ 
eB cap” in the laboratory might lend ioaninetee 
weight to any of the thermodynamic hypotheses 
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+ Weal “Jt is first and always essential to appreciate to yield absolute truth. Our research is a process of 
t Projag that prehistory is not, and never can be, a Science. approximation, not of exact assessment. Man is an 


y 1, 19M§ Certain of the methods employed may be basically 
**’| related to those used for the Natural Science, while 
the whole is directed towards the revelation of 

LEOTOWHE truth; yet the material upon which our evidence is 
') On the based is of such a nature that it cannot be expected 


al. 28; INTRODUCTION 


During the last century—ever since the first 
Saino) Volume of Boucher de Perthes’ Antiquités cel- 
tiques et antédiluviennes was published in 1846— 
significant and important discoveries of chipped- 
stone implements demonstrating the existence 
of man contemporary with an extinct fauna 
have been made at an ever-increasing tempo. 
Today, the “rate of discovery” is proceeding 
at a hitherto unrivalled pace. Whereas the 
early work on the succession of cultures during 
Old Stone Age times was confined in the main 
to evidence secured in Western Europe and 
immediately adjacent regions, in the last 25 
years the existence of early man pretty well 
throughout the vast continental areas of Asia 
and Africa has been demonstrated likewise. 
The fact that the “classic sequence” established 
in Western Europe by De Mortillet was not 
necessarily applicable in these latter regions is 
now abundantly clear to the majority of work- 
ers. Indeed, during prehistoric times, just as in 
the historic period, environmental and geo- 
graphic factors have played a dominant role in 
conditioning the behavior of various early (or 
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animal with powers of independent thought and 
invention, and with a free will. Through the con- 
stant use of clothing, tools, housing and common 
sense, he is the most adaptable creature in the face 
of static and changing climates.” 

A. J. H. Goodwin 


primitive) groups of mankind. For, from the 
point of view of the development of man’s 
material culture,’ these factors, including cli- 
mate, soil, flora, fauna, natural resources, and 


1Some anthropologists maintain that culture is 
intangible—a particular kind of behavior, or various 
forms of behavior. For purposes of the present 
paper, however, the term is used with reference 
to assemblages of finite objects; these rather than 
psychological and sociological factors constitute 
the only record available to prehistoric archae- 
ologists, whose concern is the study of extinct 
cultures, Indeed, with reference to the study of the 
prehistoric cultures of the Old World, that field of 
the social sciences to which archaeology belongs 
offers no alternative at present. Although the pre- 
historian may suspect that certain patterns of be- 
havior have moulded and conditioned the develop- 
ment of a given Stone Age culture, our knowledge to 
date is far too imperfect and fragmentary to prove 
it. Therefore, the study of the archaeological record 
must be conceived of as history shorn of all but its 
imperishable material culture traits; however, in 
that it deals with groups of mankind at a primitive 
level of subsistence and without written record, 
prehistoric archaeology is even more closely allied 
to ethnology. 
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topography, must be considered as having pro- 
vided the stage—scenery, backdrops, lighting, 
etc.—on which the human drama has been 
played ever since the emergence of the first 
primitive hominids from the ancestral, paleo- 
anthropoidal stock. But the rate of change, 
and the degree of interplay between man’s 
cultural achievements and the environment 
to which he was ever struggling to adapt him- 
self, and on which he was dependent for his 
livelihood, has been far from constant. 

Even a very superficial survey of the litera- 
ture covering prehistoric archaeology in the Old 
World discloses the fact that the reaction of our 
Stone Age forebears to changes in stage and 
setting, which repeatedly occurred throughout 
the Pleistocene, has not always proceeded at a 
uniform or even predictable rate. From the 
beginning of Upper Palaeolithic times, the 
sum total of the data thus far brought to light 
makes the basis for this observation abundantly 
clear. With regard to earlier times, our knowl- 
edge is far more fragmentary and elusive, and 
the evidence is very much more difficult to 
interpret. Within certain limits, however, R. 
B. Dixon’s (1928, p. 31) statement that “the 
extent of the dependence of culture on environ- 
ment and the closeness of correlation between 
them is greatest in the lower stages of cultural 
growth” seems to apply. Thus prehistoric 
archaeology cannot be divorced from its back- 
ground of the natural sciences without denying it 
the very key to the solution of its fundamen- 
tal problem: the reconstruction and interpre- 
tation, insofar as possible, of human activities of 
the past. Few prehistoric archaeologists today 
would disagree with this concept; but it was 
not appreciated by most early workers in the 
field, who seem to have felt that, in producing 
an orderly classification and description of their 
material, and comparing it superficially with 
analogous collections from elsewhere in the 
region, their job was done. It is the direct result 
of the shortcomings of this purely formal taxo- 
nomic approach which has in large measure 
abstracted the data from their real context, 
and which is the underlying cause of the 
dilemma in which prehistoric archaeology finds 
itself today. 
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Scope AND RELATION TO THE Narmye Indee 
SCIENCES pologi 
eae spec 
rehistoric archaeology in the Old World if more, 
so basically and fundamentally dependent of actual 
the natural sciences that the dividing develc 
between them cannot be clearly defined, new 1 
man himself is both a natural and a go produ 
being. On the natural side he belongs to thet jn din 
animal kingdom; phylogenetically he has, alongs whose 
with the higher apes, inherited certain physical’ tocene 
attributes from a common paleoanthropoidall better 
ancestral stock. But no one can deny that thi must | 
degree of morphological divergence betweenliv§ splittir 
ing men and apes is tremendous. One basi plex 1 
reason for this divergence has been the capacity} presen 
of the human organism to develop a materia early 
culture—to invent a varied assortment of im) archae 
plements to assist him in his struggle for sur} convin 
vival. The archaeological record demonstrates} broad : 
that it has been mainly because of his progtes} an apr 
sive ability to devise new types of tools, a} applied 
well as techniques for their manufacture, that} lated « 
man has finally been able to emerge as the only} and ba 
mammal which today has become almost en the pre 
tirely liberated from the limiting factors im} only th 
posed by environmental and geographical con# have w 
ditions. It is, therefore, the direct: result of his therefor 
ability to apply common sense and reason tif data a 
the solution of a given problem and, once having attemp' 
arrived at this solution, to be able to impart thy of a gi 
knowledge and experience thus gained to othen§ ethnolo 
of his kind, which sets off the study of eat existing 
man in a realm apart from the discipling§ for whi 
governing the natural sciences. In other word§ records; 
the fact that, somewhere at a very ealie is const, 
hominid or pre-hominid level, man acquired a§ i, chr 
ability to apply reason to his daily problemsigj ——— 
considered of paramount importance in t% stricting 
development of human culture, both past ang sary for 
present. jaw. Wit 
The extent to which social factors have ig Plex brai 
fluenced indirectly the physical development ton betw 
man? is a problem almost impossible of solutia be 8 pot 
ganism t 
2 Probably the development of tools played @ : oblems 
important, if not a decisive, role in the reduction’ sane 
the size of the jaw, which in turn seems to have Poca 
sulted in a general enlargement of the brain, i “ 
making possible an expansion in the size of = 
brain case. This expansion has been denied ged 


higher Primates, owing, apparently, to the ¢ 




































Indeed it seems very unlikely that any anthro- 
ist will ever be able to offer anything more 

gecific than a plausible answer to it. Further- 
more, we know very little as yet concerning the 
actual influence of invironment on the physical 
development of the human organism. In that 
new mutations must have been constantly 
produced in response to the profound changes 

A in dimatic conditions, the rhythmic nature of 
A whose recurrence characterizes the entire Pleis- 
tocene epoch, the biologic selection of forms 
better adapted to a given set of new conditions 
must have played an important part in the 
glitting up of the human family into the com- 
plex racial pattern found in the world at 
present. With regard to the development of 
early human cultures, however, prehistoric 
archaeologists are becoming more and more 
convinced that environmental factors in the 
broad sense exerted a profound influence. Here 
an approach developed by ethnology can be 
applied, although between the two closely re- 
ire, that) lated disciplines there are several important 
the only} and basic distinctions. First, in most instances, 
the prehistoric archaeologist is able to recover 
only those objects of man’s handiwork which 
tf have withstood the ravages of time. He is, 
is therefore, considerably limited in regard to the 

We data available to him with which he must 
ing attempt a reconstruction of the material culture 
ty of a given group. Secondly, the work of the 
then® ethnologist concerns the activities of people 
tatlp existing at present in those parts of the world 
ipline® for which we have no consecutive historical 
records; whereas the prehistoric archaeologist 
is constantly faced with the question of time— 
iz., chronology—a factor of the first order of 
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stricting effect of the enormous musculature neces- 
sary for the proper functioning of a protuberant 
jaw. With a larger and correspondingly more com- 
have ing Plex brain (there is, of course, no positive correla- 
tion between gross size and intelligence), there would 
solutions % * Potential increase in the capacity of the or- 

ganism to apply reason and forethought to daily 
played problems. Since the latter factor would tend to 

increase the ability to originate new techniques 





— or modify and improve old ones, even more subtle 
brain, physical changes, in addition to a gradual recession 
ize of of the snout, may well have resulted. In the final 
ented analysis, therefore, this process may be regarded as 


& self-accelerating phenomenon. 
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importance. The obvious approach to the latter 
problem is through the fields of geology and 
those closely allied sciences that deal with the 
- deposits of late Cenozoic time, especially ver- 
tebrate paleontology and paleobotany. In that 
a firmly established chronology for a given 
region must rest on a foundation constructed 
of a synthesis which considers the sum total 
of the available data, the environmental back- 
ground, fundamental to a reasonably accurate 
interpretation and evaluation of the prehistoric 
archaeological material, will inevitably emerge. 
On this basis, the close degree of interplay 
between prehistoric archaeology (or paleoeth- 
nology) and the natural sciences at once becomes 
apparent. 
The following is offered as a possible defini- 
tion of the dividing line between prehistoric 
archaeology and the natural sciences: 


Prehistoric archaeol may be regarded as 
ethnology projected ward in time until it is 
forced into intimate contact with the natural 
sciences, on which it must rely entirely both for 
chronological purposes and for establishing the 
environmental conditions that obtained during the 
particular stage of the Pleistocene under considera- 
tion. 


The rigid taxonomic laws governing the natural 
sciences do not apply in prehistoric archaeology, 
since the tools themselves are direct material 
manifestations of thinking. In other words, 
they are documents of human experience. For 
this reason, the imperishable products of the 
material cultures of the men of the Old Stone 
Age must always be considered as social rather 
than as natural phenomena. 

The significance of the newer approach to the 
study of prehistoric cultures has recently been 
fully discussed by Chiide (1948, p. 51), who 
states 


“artifacts hang together in assemblages that recur 
repeatedly, not an because they were used in the 
same ‘age’, but also because they were used by the 
same people, made or executed in accordance with 
techniques, rites or styles prescribed by a social 
tradition, handed on by B yess and example, not 
by biological means, and modifiable in the same 
way. 


In this manner, as Childe aptly points out, the 
prehistoric archaeologist studies not merely 
relics and monuments, but assemblages of these, 
which may be recognized as prehistoric cultures. 
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These in turn represent societies—distinctively 
human groups or units—rather than mere col- 
lections of lifeless objects. 

Notwithstanding the fact that research on- 
Early Man is intimately and directly related to 
the study of Pleistocene stratigraphy, it must 
be constantly borne in mind that this rela- 
tionship with the natural sciences is strictly in 
the nature of an alliance. Fundamental to the 
establishment of the age of a given Palaeolithic 
implement-bearing horizon is a detailed geologic 
and paleontologic study of the Pleistocene 
strata in the region. Indeed the contributions of 
archaeology to the stratigraphic column, in the 
sense the geologists conceive of the latter, is 
virtually nil: for the implements themselves, 
being variable, cannot be used for dating pur- 
poses, except within certain broad categories. 
Furthermore, before a prehistoric culture of 
established antiquity in one region can be 
correlated with comparable developments in 
contiguous regions, some sort of reliable se- 
quence for the several regions under considera- 
tion must be worked out. Unfortunately, at the 
present time such sequences exist only in a 
very few parts of the Old World. This situation 
directly reflects the very limited amount of 
specialized work that has been done along these 
lines, rather than either a lack of pertinent 
data or a dearth of regions that lend themselves 
to this approach. 


LimmTATIONS OF PREHISTORIC ARCHAEOLOGY 


In general the Palaeolithic, or Old Stone Age, 
has been thought of in terms of a succession of 
types of flint implements, named from various 
sites in France, which, although admittedly 
produced by man, were sufficiently constant to 
permit their use as “zone fossils.” Unfortu- 
nately for those who would like to turn to pre- 
historic archaeology for correlation studies, re- 
search during the last 25 years has shown that 
this is emphatically mof true. Although its 
techniques for classifying and comparing the 
concrete physical objects with which it deals 
suggest a superficial relationship between pre- 
historic archaeology and paleontology, the na- 
ture of the basic problems involved and the 
methods of research employed closely ally it 
with ethnology, a branch of history, which in 
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turn is one of the humanistic disciplines, Sing 
it differs from ethnology in that the time fact 
is ever present, paleoethnology is Perhaps g 
better term to propose as a synonym. 

The fundamental difficulty, which is an eve. 
present factor in prehistoric archaeology, ig the 
incompleteness of the record. This is particy. 
larly true of the early stages of man’s culty 
development, the factual documentation 
which is extremely meager. This makes jt 
virtually impossible at present to define culiyy 
areas, or even the regional distribution of the 
multitude of extinct Stone Age cultures m. 
ported from various parts of the Old World, 
each of which must have been a complete and 
functioning whole at a given stage of th 
Pleistocene. Only through a full understanding 
of the time dimension are we ever going to be 
able to establish the interrelations of these 
cultures. When added to this we have their 
spatial arrangement, it may be appreciated how 
extremely complex the total picture ultimately 
may prove to be. Furthermore, since only a 
small percentage of the data have been pre. 
served, the paleoethnologist is forced to restrict 
his interpretations in the main to the mor 
material aspects of a given prehistoric culture, 
Indeed in many instances, especially for the 
early periods, the archaeological facts are 


“so few and fragmentary that we are almost 

to fill them up and connect them by subjective 

speculative interpretations. These may easily tum 

into metaphysics, into hypotheses, that cannot 
ibly be tested by experience and controlled 

y observation.” (Childe, 1944a, p. 7.) 


However, since most prehistorians are nov 
fairly well aware of the shortcomings of th 
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taxonomic approach to their subject, the danger 
of prehistory degenerating into metaphysics 
certainly more remote today than it was 
decade ago, although it is by no means not 
existent. But there is a growing consciousne 
that a reconstruction of the pattern of ev 
that occurred during Stone Age times can oni) 
be achieved by archaeology as one of a a 
bination of sciences, in which the contro 
position clearly belongs to geology. In the 
analysis, the geologists will have to date 
various cultural horizons in a given region 
the archaeologist, rather than vice versa. 
Research in the field of Stone Age archaeolg 
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during recent years has led to general recogni- 
tin of the fact that the archaeologist must 
accept the conclusions of the geologist. If the 
york is professionally done, he certainly should 
not adopt the attitude that he is qualified to 
pass judgment on these conclusions. Having 
ascertained the age of a given horizon from 
the geologist, the archaeologist should proceed 
from there with the interpretation of his ma- 
terial. The real trouble is that in many instances 
the archaeologist himself has been compelled 
to try to establish the geologic succession, an 
undertaking for which he is normally ill-equip- 
ped because his training throughout has em- 
phasized the humanistic nature of the discipline 
he purports to represent. The results are almost 
equally deplorable if a geologist attempts to 
work out and interpret the archaeological se- 
quence of a given region. The time has come 
for the natural scientists to realize that, in 
attempting to use any given type of stone 
artifact in correlation studies, the prehistoric 
archaeologist is at a complete loss (whether 
headmits it or not), mainly because the vertical 
ranges of the various classes of tools are un- 
known. Moreover, in any single instance a 
sdected group of artifacts may well represent 
the survival ofan ancient tool-making tradition. 
Therefore, we must rely on an overall picture 
of the cultural assemblage from any specific 
horizon, but in the first instance a knowledge 
of the stratigraphic position of the deposits, 
as determined by the geologic and paleontologic 
evidence, is a prerequisite, if we expect to 
achieve anything more than a pure taxonomic 
study. 

The hopes once entertained by geologists 
that archaeology would provide them with 
factual evidence for establishing correlations 
have recently received several setbacks. This 
situation directly reflects the growing realiza- 
tion that the Palaeolithic cultural succession 
in any given region, with its many local varia- 
tions, is infinitely more complex than was 
appreciated by the early workers. As an ex- 
ample, the case of Baker’s Hole, Northfleet, 
in the Thames Valley (Oakley, 1943, p. 31; 
Oakley and King, 1945; Breuil, 1947) may be 
cited. Originally the implements from beneath 
the Coombe Rock at Baker’s Hole were iden- 
tified as Early Levallois (I-II) in terms of 





Breuil’s sequence in the Somme Valley. On 
this basis the Coombe Rock is the equivalent 
of the “Great Eastern glaciation,” Stage X of 
the sequence worked out by King and Oakley 
in 1936, and presumably the British counter- 
part of the Riss Glaciation of the Alps. From 
point of view of the Thames succession as a 
whole, this correlation seems to “fit” very well 
with the observed facts, and it was believed to 
provide a sound tie-in with the Pleistocene 
sequence of the continent. It has now been 
found, however, that bifacial hand-axes of 
evolved Acheulian type occur in direct associa- 
tion with the industry in question, which would 
make it the equivalent of Late Levallois (V) 
by analogy with the Somme succession. If 
this is the case, the associated deposit of 
Coombe Rock may have to be transferred from 
the Third (Riss) to the early Fourth (Wiirm I) 
Glacial stage. On the other hand, Acheul- 
Levallois contact may have taken place in 
Southern Britain earlier than in Northern 
France, but such a likelihood seems extremely 
improbable in view of the proximity of the two 
regions. 

As a further example of why geologists are 
beginning to distrust the use of aechaeological 
evidence, one may mention the very fundamen- 
tal problem of the interrelations of core (Ab- 
bevillian, Acheulian) and flake (Clactonian, 
Levalloisian, Tayacian, Mousterian) tool tradi- 
tions recently reviewed by R. J. Braidwood 
(1946, p. 145-152). Both traditions are known 
to occur as early as the First (Giinz-Mindel) 
Interglacial stage and to have persisted into 
Fourth Glacial times. The problem is very 
complex and confusing. Formerly it was thought 
that the core (or bifacial) tools were most 
typical of beds assigned to warm interglacial 
times, whereas the flake (or unifacial) tools 
seemed to be normally associated with beds 
concomitant with stages of glaciation. (Com- 
pare for instance Bailly, 1939.) It has further 
been suggested that the two different traditions 
belonged to two distinct groups of population— 
the flake tools to men of Paleoanthropic type 
and the core tools to Neanthropic man. The 
recent finding of Neanthropic (H. sapiens) 
remains at the Cave of Fontéchevade (Char- 
ente), in Central France, in a horizon that 
yielded a Tayacian (flake-tool) industry pretty 
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well vitiates this theory (Henri-Martin, 1946; 
1947; Vallois, 1947; Movius, 1948; Eiseley, 
1948a). In addition, recognition of the fact 
that flake tools likewise occur directly as- 
sociated with all of the so-called biface cultures 
(Kelley, 1937) has tended to make most workers 
suspicious of the very existence of any clear-cut 
basis for differentiating between the two tradi- 
tions. Not only do Clacton-type flakes manu- 
factured by the primitive block-on-block tech- 
nique occur in northwest Africa in deposits 
containing rough bifaces (Neuville and Ruhl- 
man, 1941), but also flake implements made by 
the well-known Levallois (faceted platform) 
technique are apparently typical throughout 
most of those regions of the Old World where 
biface complexes of developed Acheulian type 
are found, although this is apparently not true 
of the sites in Western Europe (Movius, 1944). 
On the basis of present evidence, this last- 
named area, on the extreme northwestern pe- 
riphery of the distribution of biface cultures, is~ 
one of the few regions where core tools of the 
Acheulian complex and the flake industries of 
the Levallois tradition can be segregated. Else- 
where, with the possible exception of Palestine 
(of. Garrod and Bate, 1937, p. 78-89), these 
two appear to be mutually related, a situation 
apparently true throughout Africa (Van Riet 
Lowe, 1944; 1945) and in Peninsular India, 
as far as can be determined. In Egypt, a cen- 


trally located region, hand-axes of Upper Acheu- | 


lian type occur in direct association with 
flakes manufactured by the classic Levallois 
technique (Huzayyin, 1941, p. 174-194; Caton- 
Thompson, 1946a). In discussing Lower Palaeo- 
lithic techniques employed in the Belgian 
Congo, C. van Riet Lowe (1944, p. 170) states 
that there is 


“no vertical division between the essential flake 
and core techniques in the — « there ap- 
parently is in Western Europe. The situation is 
precisely the same throughout Africa from the basin 
of the Nile to the Cape of Good Hope.” 


Both J. Desmond Clark (1939) and Neville 
Jones (1938) have arrived at substantially 
the same conclusion on the basis of quite in- 
dependent evidence from Northern and South- 
ern Rhodesia. ; 

The above summary of the core vs flake-tool 
tradition problem demonstrates not only that 
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there is no general measure of agreement among 
archaeologists as regards the significance of this 
material, but also that the approach of the 
prehistorian to the problems with which he 
deals is fundamentally different from that o 
the professionally trained natural scientist, Jp 
other words, a stone tool of a certain type ig, 
human and not a natural product; it can neve 
have the same stratigraphic significance ag 
for instance, a lower molar of Loxodonta (He. 
peroloxodon) antiquus, a glacially striated boul. 
der, or an ancient soil that has been altered by 
chemical weathering. Furthermore, since recent 
work in Portugal has shown that industries 
basically of Mousterian tradition persisted there 
through al} substages of the last glacial stage 
(Breuil and .Zbyszewski, 1942; Zbyszewski, 
1943), one begins to doubt the validity of the 
old divisions of Lower, Middle, and Uppe 
Palaeolithic, even when these are brought into 
line with the new axis of so-called core, flake, 
and blade traditions. Indeed, on the basis of 
the typology of the stone tools, one would assess 
the demonstrably Middle Pleistocene fissure 
deposit at Choukoutien: Locality 1, which has 
yielded the rich Sinanthropus material, as early 
Lower Pleistocene by analogy with comparable 
material from South and East Africa. 


CONCLUSIONS 


a 


During the last 25 years prehistoric archae 
ology has made rapid strides. It has advanced 
to the point at which it now recognizes that 
humanity in the past, like humanity in the 
present, was complex. But we do not yet under. 
stand the full implications of these complexities, 
among which there must inevitably exist a 
number of distinctive unities. Most prehis 
torians today, however, are fully aware of the 
essential truth of the statement that we con 
longer deal in the abstract with humanity. As 
previously stated, prehistoric archaeology is 4 
social science, a specialized subdivision of cul 
tural anthropology, and the objects with whic 
it deals must always be regarded as the im 
perishable products of man’s manufacture- 
tools designed to assist him in his struggle for 
survival; “to ignore this element of incaleu 
ability is to force prehistory into a strait 
jacket” (Garrod, 1946, p. 9). To the write 
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the soundest approach to the study of a series 
of tools from a given horizon seems to be 
through the natural sciences which are con- 
cemed with the sequence and correlation of 
events during the Pleistocene—geologic, cli- 
matic, and biologic. Since they alone are capable 
of introducing the all-important and closely 
interwoven time and environmental factors, the 
essential interest of prehistoric archaeologists 
in them may be summarized as follows: (1) 
for the establishment of a relative time scale 
by means of which the fossil remains of early 
man and his cultural relics may be placed in 
their proper sequence; (2) for the study of 
developing technology and material culture, 
as well as the survival(s) of ancient tool-making 
habits or traditions; and (3) for the reconstruc- 
tio of the changing environmental (biogeo- 
graphical or ecological) conditions which con- 
fronted man during the Pleistocene in his effort 
to gain dominance over the forces supplied by 
nature. In essence it is man’s progressive ability 
to cope with the forces of nature that prehis- 
torians are studying. Therefore, if the environ- 
mental factors played the dominant role in 
modifying the material culture of our Stone 
Age ancestors, an understanding of these factors 
should ultimately provide the key to interpret- 
ing the paleoethnological significance and re- 
lationships (if any) of the changing food-gath- 
ering culture patterns found throughout the 
Old World during the Pleistocene epoch. In 
this sense the several fields under discussion are 
Closely allied. 

With regard to (2) above, the study of the 
traits constituting the material cultures that 
existed during prehistoric times is essentially 
a study of inventions and discoveries, as well 
as the subsequent diffusion of these new tech- 
niques of manufacturing tools and new types of 
artifacts, or combinations of both, which further 
emphasizes the fact that prehistorians are com- 
pletely dependent on those sciences that deal 
with dating and stratigraphy. At present the 
vertical ranges and regional variations of the 
various tool-making techniques and implement 
types of the Stone Age are virtually unknown, 
except within limits far too broad to be of any 
use as stratigraphic indicators. And very prob- 
ably this situation will prevail for many years 
to come. In any case, prehistoric archaeology 
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today can offer very little to the natural 
sciences concerned with Pleistocene research, 
except in a broad sense, beyond the fact that 
it provides an intensely interesting and stimu- 
lating point on which to focus stratigraphic and 
correlation studies. For, with the unravelling of 
man’s past civilizations as the primary objec- 
tive, the several fields that cover Pleistocene 
studies receive a fresh impetus. 
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fests 8. SUBMARINE GEOLOGY AND PLEISTOCENE RESEARCH 


midae) ond} The upper layers of marine sediments hold 
in relation |} the key to the Pleistocene (including post- 
ustralasion gacial) history of the ocean basins, and this 
y Vol. 25,1 an be obtained through the collection and 
the Pole study of long submarine cores. Before the 

sequence of sedimentary events recorded in 
these cores can be interpreted we must have 
- mammal, | 20 accurate knowledge of the relationship be- 
inn, Soc. | tween the sediments now being deposited and 
their various environments. There is relatively 
ts climate,| little accurate information on the environ- 
y Society, } mental factors of marine sedimentation, al- 
_ } though some of the broader aspects are fairly 
woolly thi-} well understood. Any marine deposit is 
imo. Se conditioned by all the features of the environ- 
ment and cannot be considered as separate 
from the water above and around it. It is 
necessary, therefore, to understand all the 
physical, chemical, and biological aspects of 
y: Report} an ocean for a proper understanding of a 
mdon, 5d§ sediment. Our knowledge of marine environ- 
: ments progresses slowly because of the size of 
n Keym} the ocean and the difficulty and expense of 
study, 

A marine sediment may be considered to be 
composed of two types of materials: (1) in- 
organic particles of sand, silt, clay, or chemical 
ss. precipitates; and (2) organic remains, composed 
of skeletons of organisms, organic carbohy- 
drates, and undifferentiated organic debris. 
The marine environment conditions the grain 
size, grain-size distribution, certain inorganic 
chemical features, and the mass physical proper- 
ties of a sediment. The environment also de- 
termines the nature of the recognizable skeletal 
organic remains in any marine sediment, since 
Plants and animals have more or less specific 
adaptations to temperature,” salinity, nutrient 
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supply, and other factors. Recognizable skele- 
tons in sediments are the most useful tools in 
deciphering an environment in which a marine 
sediment was deposited. The organisms most 
useful in this respect are the Foraminifera 
because they occur in all marine and brackish- 
water sediments and also because of their small 
size and great abundance. Radiolaria, diatoms, 
ostracods, and other forms might be used, but 
generally these are more difficult to work with. 
It is on the basis of environments indicated by 
the vertical distribution of Foraminifera faunas 
that the Pleistocene age of parts of some of the 
submarine cores collected from areas in the 
Atlantic, Pacific, and Mediterranean has been 
suggested. 

Foraminifera are both planktonic and 
benthonic. In deep-sea deposits (2000 meters 
or more) over 99 per cent of the Foraminifera 
tests belong to planktonic species, and it is in 
deep-sea cores that vertical faunal differences 
have been most common. Recent evidence 
indicates that the planktonic species may live 
in abundance throughout a great range in 
depth—2000 meters or more. Thus any fauna of 
planktonic Foraminifera may have been con- 
ditioned by the entire vertical temperature 
structure of the water. 

Modern Foraminifera assemblages, both 
planktonic and benthonic, differ in different 
oceanic areas. A study of the distributional 
features shows a good correlation between 
faunas and surface and bottom water tempera- 
tures. Other factors also are important, princi- 
pally salinity and the type of sediment, but 
it is possible to segregate these ecologic factors 
from the temperature effect. Hutchins (1947) 
has analyzed the effect of temperature ranges 
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on Balanus balanoides and other marine or- 
ganisms based on distribution data of the 
organisms and correlated with physiological 
studies. There is no -reasonable doubt that 
Foraminifera populations have temperature 
adaptations comparable to those demonstrated 
by Hutchins. 

In most of the long cores studied from deep 
water in middle and low latitudes there is a 
fauna at some distance beneath the sea floor 
which was deposited during a time of colder- 
water conditions than those now obtaining. 
In the tropical areas of the South Atlantic 
(Schott, 1935) this colder-water fauna is char- 
acterized by the absence of one abundant 
tropical species. In the Gulf of Mexico (Phleger 
unpublished) and on the continental slope and 
basin of the western North Atlantic (Phleger, 
1939; 1942) in middle latitudes the cold-water 
fauna is subarctic or cool-temperate. In the 
Caribbean the “cold-water” fauna is warm- 
temperate or cool-temperate (Cushman, 1941; 
Phleger, 1948). In a few cores from the North 
Atlantic more than one cold-water fauna is 
separated by one or more warm-water faunas 
(Cushman and Henbest, 1940; Phleger and 
Hamilton, 1946). These colder-water faunas 
are interpreted as Pleistocene in age, certainly 
last glacial, and possibly as representing sub- 
stages of the last glacial. Three long cores from 
the Tyrrhenian Sea (Phleger, 1947), and cores 
from the Arabian Sea (Stubbings, 1939), show 
similar faunal variations. 

A reconnaissance study by the author has 
been made of the Foraminifera faunas of a 
core 15.4 meters from a depth of 2600 fathoms 
in the Caribbean Sea. At least 11, and probably 
12, shifts from tropical to temperate conditions 
are indicated by the vertical distribution of 
the faunas. A thick tropical fauna near the 
mid-section of the core is suggested as possibly 
representing the Second Interglacial; further, 
the core may have penetrated most of the 
Pleistocene. This core suggests the possibility 
of glacial substages in the third and second, 
and possibly the first, glacial stages. 

The recognition of these probable glacial 
stages and/or substages in submarine cores is 
based on the relationships among the faunas 
which occur in vertical sequence in any core. 
The top core fauna is taken as the one represent- 
jng modern conditions obtaining where the core 
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was collected. Faunas beneath the top one ap 
determined as representing the same or dit 
ferent temperature conditions from the presen 
ones at that place. The species of Foraminifer 
in these lower faunas are all living at the Present 
time; no submarine core fauna examined by the 
writer and his colleagues has contained any 
extinct species. The probable relative surfag. 
water temperatures are determined in a gener 
way, by a comparison of the sequence of com 
faunas with what is now known of the distr. 
bution of modern Foraminifera. Planktonie 
species are used in this analysis almost ¢. 
clusively. It is not possible, at the present 
state of our knowledge, to indicate the actual 
temperatures indicated by these lower cop 
faunas. One possible exception is in studies 
now in progress on cores from the Gulf of 
Mexico: The lower core faunas, late glacial in 
age, probably were adapted to water temper. 
atures similar to those now obtaining above 
the continental slope north of Cape Hatteras, 
This surface-water areas has a yearly maximum 
temperature about 5° F. less and a minimum 
temperature about 20° F. less than the present 
temperatures in the Gulf of Mexico. 
Continued study of the vertical faunal vari- 
ations in submarine cores eventually should 
make it possible to reconstruct the late Pleisto- 
cene history of the oceans. It will be necessary 
to accumulate more useable information on the 
ecology of Foraminifera, but some progress is 
being made in this direction. It should be 
possible, eventually, to reconstruct for the 
entire ocean the marine temperature conditions 
which obtained during a part of the Pleistocene. 
This knowledge should have an important 
bearing upon our understanding of the sequence 
of climatic events on adjacent lands. Sud 
information may be of great value in determin- 
ing the Pleistocene climates in certain areas 
which were land bridges for the migration d 
land vertebrates. According to Claude W. 
Hibbard (personal communication): 


“Very little is known in regard to the land-bridge 
via Central America. We know that there has bee 
an exchange of vertebrates over this bridge between 
South America and North America. There has beet 
considerable speculation about the change of temper 
ture and climate in the Central American region 
feeagee corridors which at ge do not exist 


ut should have existed in the past to allow t 


movement of forms.” 
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The collection and study of cores from 
roate marine areas adjacent to Central 
America should aid in solving this problem. 
It is of interest to speculate on the probable 
general distribution of water temperatures in 
the ocean during a glacial stage of the Pleisto- 
cene. Studies indicate that there was general 
cooling of the water in middle and low latitudes. 
This is seen in cores collected in the Gulf of 
Mexico, low latitudes of the South Atlantic, 
the Arabian Sea, and the Caribbean, and in 
middle latitudes of the North Atlantic and 
Mediterranean. The amount of cooling in de- 
grees would be expected to vary from place to 
place and may reach as much as 10° F. for 
summer maximum and perhaps more for winter 
minimum temperatures. It appears doubtful 
whether truly Arctic and Antarctic waters 
were appreciably cooled since these regions now 
have temperatures which are at an approximate 
minimum to be expected under any conditions. 
The broad features of oceanic circulation 
would probably be similar to the present cir- 
culation, with two important exceptions. The 
dockwise and counter-clockwise circulation 
which brings tropical water into high latitudes 
probably was telescoped into lower latitudes. 
This would be effected by the greatly enlarged 
masses of Arctic and Antarctic water acting as a 
density barrier to the distribution of the warm 
water as far poleward as at the present time. 
Ice-rafted pebbles have been collected by Henry 
C. Stetson and the writer in one submarine 
core from the western North Atlantic as far 
south as approximately 40° N. Lat. These 
probably were deposited by icebergs, and it is 
to be presumed that the cold Arctic water 
extended somewhat south of this latitude; quite 
possibly pack ice extended as far south as 40° 
N. Lat. Under these circumstances the Gulf 
Stream system of the North Atlantic un- 
doubtedly would be barred from carrying 
télatively warm surface water near the 
European continent, and similar conditions 
are to be expected in other similar current 
systems. It is doubtful whether the northern 
edge of the Gulf Stream system reached a 
latitude much higher than that of Cape 
Hatteras on the North American continent. 
Lowered sea level during a glacial age and 
the deflection of the current systems by the 
masses of cold water would present a series of 
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topographic barriers to oceanic circulation. The 
main features of this circulation can be re- 
constructed for the last glacial age on the basis 
of information already available. There is a 
further possibility, however, which promises 
more reliable results. Water masses can be iden- 
tified by their assemblages of planktonic For- 
aminifera. There should be no great difficulty in 
tracing the distribution of water masses for the 
various stages of the Pleistocene when sufficient 
core material has become available. This will 
involve careful correlation of the relatively cold- 
water lower faunas in the cores, but such cor- 
relation is somewhat simplified by the preserva- 
tion of the complete record in the deep sea. 
The positions at which deep-sea cores are col- 
lected should be determined on the basis of 
these possibilities. 

Another important contribution of this re- 
search is the possibility it offers of correlating 
the North American Pleistocene with that of 
Europe. This can be aided by the use of pollen 
as a tie-in from land to sea where a submarine 
Pleistocene Foraminifera fauna occurs near 
land. In the Gulf of Maine such a fauna is 
widespread in short cores taken within 15 miles 
miles of land. This appears to be an ideal 
location to make a tie-in between North 
America and the submarine sequence. A 
similar tie-in should be possible between the 
marine sequence and the European glacial 
sequence in places such as the North Sea. 

It appears that the only environment in 
which an undisturbed record of the complete 
Pleistocene is preserved is in the ocean basins. 
It may even be desirable to establish a “type 
section” for the Pleistocene based upon long 
cores of deep-sea sediments. The best region 
for such a purpose is perhaps the Mediterranean 
where it may be possible to correlate the results 
with the Pleistocene sequence in the Alps and 
also with the excellent sequence of prehistoric 
man in that region (Bradley, 1938). A series 
of long submarine cores recently have been 
collected from the Mediterranean by members 
of Oceanografiska Institutet of Géteborg. Study 
of these cores will be begun during the summer 
of 1949 by members of the Marine Foraminifera 
Laboratory. 

There is little published information on con- 
ditions of sedimentation in offshore marine 
areas during the Pleistocene. Daly (1936) and 
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others have suggested that lowered sea level 
during a glacial age would expose great areas 
of mud on the lower part of continental shelves. 
Wave action on these exposed shelves would 
put great quantities of fine-grained sediments 
into suspension. Most of these materials would 
be deposited on the continental slopes, but 
some might reach the ocean basins. A relatively 
thick deposit of fine-grained sediments would 
accumulate, at least on the slope areas, during 
a glacial age or subage. In addition, because 
of lowered sea level, the rivers would be ex- 
pected to carry greater quantities of sediment 
into the ocean than at present due to an increase 
of gradient, at least in the lower parts of river 
courses. 

The sediment containing late-glacial For- 
aminifera faunas is generally thicker than that 
containing postglacial faunas on the continental 
slope areas studied. This is not necessarily true 
in the sediments collected from the ocean 
basins far from large land masses, as in the 
Caribbean. In the Gulf of Mexico, a relatively 
enclosed basin adjacent to large land areas, 
sedimentation was rapid in places at great 
depth during the last glacial age (or subage). 
Cross-bedded sand was deposited in parts of 
the Sigsbee Deep at this time (Trask, et al., 
1947). Evidence of rapid sedimentation during 
glacial times is seen in the Tyrrhenian Sea and 
also in a deep basin adjacent to a large land 
area (Phleger, 1947). 

Large amounts of fine-grained sediment in 
sediment in suspension would make ocean water 
much more turbid than at present over large 
areas of the world. This turbidity would limit 
the depth of light penetration and thus the 
depth of effective photosynthesis. The pro- 
duction of marine plankton and all other or- 
ganisms would be reduced under such con- 
conditions. The writer has observed that 
Foraminifera populations usually are much 
smaller in late-glacial than in postglacial marine 
sediments. It is believed that this is due. in part 
to lower organic production. These apparently 
lower populations undoubtedly are accentuated 
by a more rapid rate of deposition of inorganic 
materials. 

Submarine coring devices in use until re- 
cently could obtain cores rarely more than 10 
feet in length, although one has been reported 
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17 feet long. Kullenberg (1947) has adapted 
a piston core sampler which obtains undisturbed 
cores 20 meters in length in certain types of 
materials. Use of this instrument will greatly 
add to our knowledge of oceanic history, The 
Swedish Deep Sea Expedition recently com. 
pleted a round-the-world cruise principally to 
take cores with the Kullenberg sampler. This 
expedition obtained approximately 200 long 
cores from all the major ocean basins jp 
low latitudes. This material and the coms 
being collected by other organizations in this 
country should provide invaluable data. 
The study of the Pleistocene history of the 
ocean is an infant science, and the present 
accomplishments are not great. Collection of 
material from the ocean is expensive, and the 
subsequent study and interpretation are labo. 
rious and specialized. The principal techniques 
of field work and laboratory study are now 
established. It is believed that considerable 
progress will be made in the next few years in 
determining the sequence of marine events and 
environments during glacial and interglacial 
times. This information will aid in analyzing 
the Pleistocene history of the continents and in 
understanding the sequence and distribution 
of environments for the Earth as a whole. 
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History of the present and of the recent past 
is dificult to analyze because the wealth of 
detailed information available commonly con- 
cals the major issues by its kaleidoscopic 
patterns. However, when viewed in retrospect, 
after a long period of time, details of the intri- 
cate patterns are lost, and there emerges a 
simple and clearly defined picture of the major 
trends. So it is with the Pleistocene. Every 
landscape bears a wealth of detailed information 
so complex, so varied, and generally so localized 
that it is difficult to recognize the major pattern 
into which the data can be placed. Essentially 
the problems of Pleistocene stratigraphy are 
similar to those of earlier geologic times, yet in 
detail the techniques and methods used in 
solving the stratigraphic problems differ widely. 
Many cannot be solved by the geologist alone, 
but require the co-ordinated efforts of specialists 
in widely divergent fields. 

The final solution of the many problems and 
the establishment of a Pleistocene stratigraphy 
are only a means to an end—the chronology of 
events which have led to the physical conditions 
of the present. An attempt is here made to 
indicate the complexities of the problems, the 
meed for correlation among many fields of 
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INTRODUCTION science, and the present status of Pleistocene 


stratigraphy. 


TERMINOLOGY OF PLEISTOCENE STRATIGRAPHY 
The Pleistocene Epoch 


The first problem in the stratigraphy of the 
Pleistocene is the definition of the term and the 
establishment of the limits of the time to which 
it applies. Despite the fact that the term Pleis- 
tocene was introduced by Lyell in 1839 and 
applied to strata whose content of fossil mol- 
lusks included more than 70 per cent of living 
species, this problem of definition is as yet un- 
solved. 

General usage in the United States considers 
the Pleistocene (or “Glacial”’) to be the first 
epoch of the Quaternary period; the Recent, 
which extends to the present, is the second 
epoch.! The important boundary between the 
Pliocene and Pleistocene epochs, which also 
marks the division between the Tertiary and 
Quaternary periods of the Cenozoic era, has 
never been adequately defined, for it is transi- 
tional, unmarked by any large unconformity or 





1 Usage adopted by the U. S. Geological Survey; 
see Wilmarth (1925). 
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changes in fauna or flora, in contrast to other 
divisions of similar value in the stratigraphic 
column. The general belief has recently been 
stated that the major distinction between the 
Pliocene and Pleistocene is one of climatic 
change. Flint (1948) has discussed this problem 
in considerable detail and supports the belief 
that the Pleistocene is “that part of late-Ceno- 
zoic time which is characterized by repeated 
climatic cooling....” These climatic fluctua- 
tions have produced world-wide effects which 
are assigned tothe Pleistocene. The fluctuations 
produced repeated glaciations in high latitudes 
and high altitudes, together with a host of at- 
tendant but less spectacular changes elsewhere. 
They can be observed in the fauna, flora, soils, 
isostatic readjustments of the land, eustatic 
changes of sea level, and in the geomorphic 
development of the landscape, but are often 
difficult to recognize in regions remote from 
glaciers. Synchronous with the Pleistocene has 
been the development of man, whose artifacts 
and skeletal remains were hailed as important 
stratigraphic horizon markers. Recent studies, 
however, throw doubt on the amount of definite 
aid that can be. derived from archaeological 
research. 

The troublesome lower boundary of the Pleis- 
tocene has never been adequately defined, de- 
spite many attempts. (See such recent studies 
as Pilgrim, 1944, and Zeuner, 1945). At the 
Eighteenth Session of the International Geologi- 
cal Congress (London, 1948), a Temporary 
Commission on the Pliocene-Pleistocene Bound- 
ary was appointed, and numerous papers read 
dealt with the problem of defining this bound- 
ary. This Commission reported, 


“that this boundary should rh based on changes in 
marine faunas, since this is the classic method of 
grouping fossiliferous strata. The classic area of 
marine sedimentation in Italy is regarded as the 
area where this principle can be best implemented. 
It is here too that terrestrial equivalents of the 
marine faunas under consideration can be deter- 
mined.” The Commission recommended, “that, in 
order to eliminate existing ambiguities, the term 
Lower Pleistocene should include as its basal 
member in the type area the Calabrian formation 
(Marine) together with its terrestrial equivalent 
the Villafranchian.” 


It was 


“noted that according to evidence given this usage 
would place the boundary at the horizon of the first first 
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indications of climatic yeas gt in the Italian 
Neogene succession” (King and Oakley, 9g, 
Oakley, 1949). 


The upper boundary, marking the close of th. 
Pleistocene epoch and beginning of the Regey 
epoch, has been established in a variety of way, 
by many workers, but none has proved gat. 
factory (Antevs, 1931; De Geer, 1912; Levers 
and Taylor, 1915; Morgan, 1926; Russell, 1940, 
and others). All are arbitrary, and, while som 
may be locally useful, none has world-wig 
application. 

To many, the Pleistocene epoch is the equim. 
lent of the glacial, the Recent epoch the equim. 
lent of postglacial. In glaciated regions sucha 
distinction is valid when used locally, but, asal 
areas were not freed of ice simultaneously, th 
use of these terms in a regional sense is not 
justified. Furthermore, in areas remote from 
glaciers, where there are no effects directly n. 
ferable to them, the terms are inapplicable 
Thus, the upper limit of the Pleistocene epod, 
defined in a variety of ways, lacks real validity 
on the basis of any field evidence yet Proposed. 

Flint (1948) has suggested that, since there 
is no recognizable division but only a transit 
between the Pleistocene and Recent epoch, is of 
Recent be dropped and Pleistocene be extended Litt 
to encompass all of post-Pliocene time, 
terms recent and postglacial being used om 
an informal sense. This modification of the 
logic classification will be welcomed by mam 
geologists who believe, because of the lack df 
definite break in the stratigraphic sequence 
because of our existing glaciers and a pre 
day climate cooler than one of the interglagi 
ages of the undisputed Pleistocene, that we 
still in the Pleistocene epoch. Although 
important problem of classification needs 
further study by specialists in the many 
of science dealing with this period of ¢ 
history, it is adopted and used in this m 
because of its simplicity and convenience. T 
reader is referred to a review of the subject 
Flint (1948, p. 197-209). 


GERESSEGEEE Ee 


Subdivisions of the Pleistocene Epock 


As the concept of widespread climatic 
tuations is basic in determining the boun 
of the Pleistocene epoch, so are the results of 
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dimatic fluctuations basic in determining the 
subdivisions of this epoch. 

The most obvious results of the climatic fluc- 
tuations were the generation of widespread 
gaciers during climatic cold periods, and the 
dissipation, perhaps almost total extinction, of 
gaciers during climatic warm periods. Major 
alternations of ice advance and recession, rec- 
ognized long ago through the classic studies 
of Chamberlin and Salisbury in North America, 
and of Penck and Briickner in the Alps, provide 
the best-known sequence of Pleistocene events 
and form the basis for an absolute climatic 
chronology, to which the stratigraphic sequence 
can be correlated. To clarify the terminology 
applicable to these major divisions of the Pleis- 
tocene, making it conformable with the most 
generally accepted usage, it has been proposed 
(Flint, 1942; Flint and Moore, 1948) that glacial 
and interglacial times should be termed ages, 
and that their stratigraphic equivalents be 
termed stages. Such standardization of terminol- 
ogy with a careful distinction in the use of time 
and time-rock terms will aid greatly in the clari- 
fication of the confusion developed in the volu- 
minous Pleistocene literature, especially in stud- 
ies of nonglaciated regions. 

Little information is available concerning 
minor fluctuations within any but the last 
gacial age, which has been shown to consist of 
several minor advances and recessions. Follow- 
Hing the suggested terminology distinguishing 
between time and time-rock terms, these minor 
episodes become subages and their stratigraphic 
equivalents substages. 

Indirectly, the basis for all Pleistocene strati- 
graphy rests on climatic changes whose ultimate 
cause is as yet not known. As the wealth of 
information accumulates concerning the major 
nd minor world-wide advances and recessions 
glaciers, it is more and more apparent that 
dimatic fluctuations were world-wide and 
roadly synchronous. Without this assurance, 
lempts at world-wide correlation of the Pleis- 
ocene would be almost impossible. 


StaTUs AND PROBLEMS OF PLEISTOCENE 
STRATIGRAPHY 
General Status 
In glaciated regions, sequences of glacial de- 
osits can readily be correlated with past cli- 
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matic events, and a local chronology can be 
established suitable for incorporation into the 
major world-wide sequence of events. In non- 
glaciated areas, the problem of establishing a 
local sequence of climatic events and of correla- 
tion with the world-wide chronology is more 
difficult; the difficulties increase with distance 
from glaciated areas. Adjacent to the glaciated 
areas is a belt of indefinite width, commonly 
referred to as the periglacial zone, in which the 
effects of climatic refrigeration can be directly 
associated with the glaciation and thereby fitted 
into the world-wide sequence of events. In areas 
remote from the glaciated regions, where there 
are no effects directly correlative with the ice 
masses and where climatic fluctuations have 
been less intense, stratigraphic correlation be- 
comes increasingly difficult and in many cases 
impossible with the present state of knowledge. 
In these areas the combined efforts of many 
specialists are needed to solve the problems of 
stratigraphy. 

Workers have recognized Pleistocene se- 
quences of events in many widely separated local- 
ities. Such studies as thoseof Caldenius (1932) in 
Patagonia and Tierra del Fuego, Nilsson (1931; 
1935; 1938; 1940) in Africa, De Terra and Pat- 
erson (1939) in India, De Terra (1941) in China, 
Woodring and others (1940; 1943; 1946) in 
California, and Judson (1946) in the Aleutian 
Islands have postulated sequences of events by 
using a variety of data, all of which indicate 
climatic fluctuations. Numerous attempts have 
been made to correlate these sequences over 
wide areas (De Terra, 1941; Nilsson, 1941; 
1947) or to review the present status of avail- 
able data and correlations, and to point out 
problems for future research (Flint, 1942; 
1948; Zeuner, 1945). Within the United States, 
the need for review and systematic analysis of 
the Pleistocene data and problems to show the 
present status of knowledge, and the need for 
co-operation of workers approaching the prob- 
lems from many different angles, is shown by 
recent summary papers (Frye, 1945; 1946; Con- 
dra, Reed, and Gordon, 1947; Colbert and 
others, 1948). 

In general four areas can be recognized in 
which the problems of Pleistocene stratigraphy 
differ and in which different techniques must 
be used to place each stratigraphic unit in its 
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proper position in the sequence of events lead- 
ing from the first indication of climatic dete- 
rioration which marked the close of the Pliocene 
epoch. These areas are: (1) those of marked 
climatic fluctuations which have been subject 
to glaciation, (2) those of indeterminate bound- 
ary peripheral to glaciers (periglacial) in which 
the identifying phenomena are directly related 
to the glaciers and the glacially modified cli- 
mate, (3) those areas remote from and only 
indirectly associated with glaciation through 
less well marked features indicative of climatic 
fluctuations, and (4) the little-known submar- 
ine areas. 


Stratigraphy in Glaciated Areas 


The most spectacular evidence of Pleisto- 
cene climatic fluctuations is that of multiple 
continental glaciation, demonstrated by suc- 
cessions of deposits of glacial and interglacial 
origin. In North America, following the estab- 
lishment of the concept of multiple glaciation 
by Chamberlin and Salisbury, the glacial his- 
tory has been elaborated and refined through 
the classic monographs of Leverett and the 
studies of a group of active workers, mainly in 
the Middle Western States. A sequence of 
four major glacial ages, separated by inter- 
glacial ages as warm or warmer than the pres- 
ent, are recognized. Attempts to subdivide the 
glacial ages have been directed mainly to the 
recognition of subages within the last glacial 
age, where stratigraphic and topographic evi- 
dence is best preserved. In Europe, a similar 
four-fold succession of glacial ages was first 
recognized by Penck and Briickner in their 
classic study of the glaciers of the Alps. As in 
America, the emphasis on subdivision of the 
glacial ages has been directed to the last glacial 
age. Summaries in English (Flint, 1948; Mov- 
ius, 1942; Zeuner, 1945) contain extensive bib- 
liographies of the vast literature on glacial suc- 
cessions, the present status of the knowledge, 
and intricacies of the Pleistocene stratigraphy. 

In a glaciated region it is generally conceded 
that the Pleistocene opened with the deposi- 
tion of the first material of glacial origin, al- 
though the colder climate which actually 
marked the beginning of the epoch had been ini- 
tiated considerably earlier. The length of this 
time lag between the climatic deterioration 
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and the deposition of glacially derived mg 

rials is not known, but must represent a 
tively long interval, especially at the term) 
positions of the continental ice sheets. As this pos 
ice of each successive advance did not o 
exactly the same area, either because of d 

ences in magnitude or direction of a tent 
and as older deposits may have been re i 
by later advances, only parts of the glaci 


that there may have been smaller, preliminan§ i 
(pre-Nebraskan in North America) ice adva 


found. In Europe, however, evidence for 
a series of advances (pre-Giinz) has been 
ported by Eberl (1930) in the Alpine Fore 


cited in the weathering of the loess in Hungar 
(Scherf, 1938) and from the periglacial ar 
of Germany (Zeuner, 1945). 


give a clue to the character of the interglag 
climates. Loess deposits, commonly in erbe 


ering. All these features have been used world-y 
distinguish deposits of glacial and intergladmby refe 
age and subage. The first interglacial age 
North America (Aftonian) illustrates the ut 


1941) to recognize and reconstruct the inte 
glacial environment and to assign to it am 
proximate duration of 200,000 years 
1931). 

Frequently deposits of one age can 
tinguished from those of others by the 
ologic character of the contained rocks (i 
tor boulders) gathered by ice moving a 
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different terrains. Similarly, the fabric and size 
distribution of the till has been used to indicate 


‘i direction of movement and to differentiate de- 


posits (Holmes, 1941; Horner, 1944). Only in 
the most recent age can moraines and similar 
topographic features be used to indicate ex- 
tent of a single ice advance. By tracing the de- 
posits and correlating the stratigraphic suc- 
BS cessions of the widespread continental glaciers, 
the validity of each glacial age has been estab- 


Alpine glaciers likewise demonstrate a series 
of advances and recessions, evidence of which 
is the sequences of moraines in the valleys, 
successions of glacial deposits, interglacial per- 
iods of valley deepening and cutting, and ter- 
races of outwash material which can be corre- 
lated with periods of ice advance. Relations 
between terraces and moraines can best be es- 
tablished for the subages of the last glaciation 
and have been used widely in North America 
(Bryan and Ray, 1940; and others). Where de- 
posits of alpine glaciers are separated from those 
# of continental glaciers, correlation is usually sub- 
jective and is based on sequences, depth of 
weathering, and periods of valley deepening 
(Antevs, 1945). 

Only tentative attempts at correlation be- 
tween North America and Europe have been 
forws made (Antevs, 1928; Bryan and Ray, 1940; 

i§ Zeuner, 1945), primarily on the basis of simil- 
atities in the sequence of events and on the 
assumption that climatic fluctuations were 
broadly synchronous throughout the world. 
In North America it is hoped that continued 
field studies in areas such as Montana and 
Alberta, where continental and alpine glacial 
deposits may have merged, will aid in giving 
more tangible evidence for correlation. Final 
world-wide correlation must await validation 
im by reference to a chronology based on climatic 
fluctuations, in large part substantiated by 
means of submarine sequences of world-wide 
extent. 


ligraphy in Areas Peripheral to Glaciers 
(Periglacial Zone) 


The area adjacent to glaciers, where rigorous 
climatic conditions prevail, is characterized by 
variety of features produced through frost 
ction. Loosely termed the periglacial zone, it 
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has been defined by Zeuner (1945, p. 55) as 
“that zone surrounding an ice-sheet, in which 
the cooling effect of the ice produced a frost 
climate.”* Obviously the boundaries are vague 
and shift with the position of the ice margin. 
Old periglacial zones can be defined, therefore, 
only on the basis of the diverse products of a 
climate in which solifluction layers, polygon- 
boden, block fields, stone rings, stone stripes, 
involutions in unconsolidatei sediments, and 
related features are developed. However, as 
these features are the result of a particular 
climate, great care must be taken in their in- 
terpretation, for such features are being pro- 
duced today in regions far removed from ice 
masses, where suitable climatic conditions pre- 
vail (Butler and Ray, 1946). In regions where 
such features are not the result of the present 
climate, as, for example those described by 
Sharp (1942) in Illinois, they must be assigned 
to past cold periods. As Zeuner has pointed out, 
“The periglacial area has furnished by far the 
most complete evidence of climatic oscillations 
during the Pleistocene.” 

The extent of the periglacial zone depends 
on a multitude of factors such as magnitude 
and position of the ice mass relative to the re- 
gional wind system and to the topography. In 
general it is conceived to be a zone in which the 
temperature frequently passed across the freez- 
ing point and where winds were probably cold 
and drying. Since the periglacial climate de- 
pends on the ice mass, it fluctuates with the 
size and position of the ice. Thus, the perigla- 
cial zone, in large part, overlaps glaciated areas. 
However, the outer margin of the zone is the 
critical area where the so-called periglacial fea- 
tures are unobscured or undestroyed by succes- 
sive glaciations. Some regions have been within 
the zone of the periglacial climate more than 
once during the Pleistocene epoch, each period 
of frost climate being separated from the pre- 
vious by a warmer interglacial age or subage. 
Therefore, when solifluction layers are super- 
imposed one on another, or separated by ero- 
sion intervals, weathered zones, loess, or sim- 
ilar features, a stratigraphic succession results 


? Defined by Zeuner (1945, p. 55) as that climate 
“where the average temperature is below freezing- 
point for a large part of the year and where the 
warmest month averages less than 10°C.” 
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which may be correlative with definite times 
of ice advance. 

Glacia! outwash and .loess were deposited 
mainly in the periglacial zone. Successive de- 
posits may commonly be either directly related 
to definite ice advances or indirectly related 
through correlation of sequences of events. 
Interbedded fossiliferous deposits, associated 
with interglacial ages or subages, have produced 
a wealth of information on climatic and environ- 
mental conditions. Studies of pollen from peat 
or peaty soils (Godwin, 1941; Sears, 1938), hu- 
man bonesand artifacts, and vertebrate remains 
have received much attention in recent years. 

Stream valleys in the periglacial zone com- 
monly contain a series of terraces which can be 
correlated with times of glaciation by the trac- 
ing of terrace profiles into ice-margin deposits. 
Conditions for this type of correlation are es- 
pecially favorable along streams draining al- 
pine glaciers, as shown by the many studies in 
the European Alps. In a similar manner, lacus- 
trine deposits along formerly ice-dammed 
streams can be correlated with ice advances. 
Commonly lacustrine deposits adjacent to wan- 
ing glaciers contain varved clays. On the as- 
sumption that the varves present seasonal de- 
posits, elaborate stratigraphic sequences based 
on an absolute annual chronology have been 
developed (Antevs, 1928; De Geer, 1940). At- 
tempts made to correlate varve sequences of 
one continent with those of another have been 
made by De Geer and were summarized in 
monographic treatment in 1940. These long- 
distance correlations (telecorrelations) have 
been severely criticized by Antevs (1931; 1935) 
and others. In his comprehensive study and 
critical analysis of varves and “varvity’”’, Han- 
sen (1940, p. 418) concludes that many of the 
varves measured by De Geer 


“cannot be taken to be annual deposits or varves; 
they are sub-sections of annual , y= register- 
ing shorter periods of change in the force of the 
water movement or in the quantity of the mud 
carried” and that, “sub-sections of this kind often 
occur in fairly conspicuous development in locali- 
ties where the annual period itself has left no directly 
visible trace. This rene interpretation means 
that all distant or orrelations between Danish 
and Scanian varve localities mutually and between 
Scanodanian on the one hand and North American 
on the other, must be regarded as fallacious.” 


Recent studies of soil creep and related phe- 
nomena have been reported, but attempts to 
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date these phenomena have been confined 4 
correlations with the most recent periods g 
colder climate. Improved techniques and mop 
information from detailed field studies may 
in the future indicate correlations with earlie 
advances. 

Climatic fluctuations during the Pleistocey 
caused fluctuations of sea level in response tp 
the amount of water withdrawn from the oceay 
and temporarily held in glaciers on the lan 
If the earth had been isostatically stable, they 
fluctuating sea levels should have produc 
world-wide shore features of erosion and depo- 
sition at relatively uniform elevations above 
below the present datum. However, the earth 
is not generally stable and such ideal relations 
exist at only a few localities. Along with th 
normal crustal movements throughout th 
world there is also the added complexity ¢ 
crustal warping and rebound in glaciated an 
peripheral regions, occasioned by the loading 
of the crust with ice (Daly, 1934; Laws, 
1940). Thus, the correlation of erosional and 
depositional features related to the varion 
stands of the sea level are so complex that ia 
regions remote from the glaciers relations to 
the various ages and subages of the Pleistoc 
are largely subjective, mainly based on numer 
ical similarities in the sequence of events. I 
the periglacial and glaciated areas, correlation 
may rest on a much firmer basis, as shown by 
the excellent studies in the Baltic region (Sav 
ramo, 1929; Tanner, 1930). Relationship be 
tween old shore lines and archaeological 
tures have added fruitful stimulus to 
studies and may prove especially helpful 
correlation of features developed since the correlatio 
imum advance of the last glacial age. Studie ciated ar. 
of ancient cultures along the New Englanlj these dep 
coast indicate a slight elevation of the for they d 


can be tie 
are of res 
level whe 
they can 
Soils, loes 
regional 


presumably due to isostatic rebound following the stratis 
the last glaciation (Johnson and others, 1929 logic time 
Johnson and Raup, 1947; R. P. Goldth 
1938). a ore 
Far from the sea shore, isostatic readjus Indi 
ment has resulted in tilting of the land folle 
ing glaciation, as demonstrated in North In area: 
ica by measurement of the elevations of a@jthere are 
shore lines on the Great Lakes (Leverett a@fwith ice ac 
Taylor, 1915; J. W. Goldthwait, 1924; of Pleistoc 
1937; and others), Lake Bonneville ( dificult, T 
1890; and others), Lake Champlain (Chapmiigimately on 
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1937), and glacial Lake Agassiz (deformation 
first recognized by Upham in 1884, but attrib- 
uted to gravitative attraction of the ice sheet). 
Because of the position of these features within 
the limits of, or closely adjacent to, the last 
glaciation, the relation of old lake levels to the 
jce margins, ice-dammed or abandoned drain- 
age channels, and other features, local sequences 
of events have been determined, but their 
position within an absolute chronology awaits 
further information. Similarly, the complexity 
of crustal movement along the west coast of 
North America prohibits correlation of Pleisto- 
cene gravel deposits now raised high above sea 
level with definite ages or subages of the Pleis- 
tocene. As pointed out by Flint (1948), the 
southeastern coast of the United States and the 
coast of Brazil are areas whose stability is such 
that, in the future, possible definitive correla- 
tions may be made between erosion and deposi- 
tional features and the subdivisions of the 
Pleistocene epoch. Correlation of erosional and 
depositional features of streams related to var- 
ious levels of the sea are believed to hold little 
promise for purposes of correlation because of 
the unique character of each stream in its ad- 
E justment to sea-level fluctuations. 

Correlation of deposits in the periglacial 
mne is more satisfactory than in the zones 


im farther from the ice, for here the correlation 


can be tied to ice advances and recessions which 
are of regional extent, or to fluctuations of sea 
level where crustal movements are such that 
they can be related to definite glacial times. 
Soils, loess, stream, and similar deposits have a 
regional extent which ideally lends itself to 
correlation with the sequence of events in gla- 
dated areas at numerous points. Rarely have 
these deposits been given formational names, 
for they do not fulfill the qualifications used in 
llowf§ the stratigraphic nomenclature for earlier geo- 

: logic time. 


Stratigraphy of Areas Remote from and only 
Indirectly Associated with Glaciation 


In areas far from glaciated regions where 
ere are no direct means of correlating events 
ith ice advances and recessions, the problems 
f Pleistocene stratigraphy are. manifold and 
difficult. Their solution must be based ulti- 
mately on climatic fluctuations which in these 
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areas were generally not so large nor so impor- 
tant an environmental factor as in glaciated 
areas or the areas peripheral to glaciers. These 
climatic fluctuations apear to have produced 
either intensified or lessened precipitation along 
with temperature changes. Cool-moist periods 
are generally correlated with glacial ages, warm- 
dry with interglacial. 

In areas of semiarid climate, generally located 
far from the sea, minor fluctuations in amount 
of rainfall produce notable changes in. erosive 
and depositional processes, character of soils, 
and faunal and floral assemblages. Typical ex- 
amples of such lake basins, as those in south- 
western United States (Meinzer, 1922; and 
others), Africa (Nilsson, 1931; 1935; 1938; 
1940) and elsewhere, are reported to show se- 
quences of old shore lines indicating higher 
water levels during periods of increased pre- 
cipitation (pluvial periods). Sedimentation in 
these lake basins may commonly show alternat- 
ing beds of fresh- and salt-water deposits which, 
together with fossil assemblages, indicate chang- 
ing conditions. Old spillways and drainage 
channels, stream terraces and associated stream 
deposits, and soil horizons can be correlated 
with the alternate raising and lowering of the 
lake levels. Periods of increased dryness may 
be correlated with periods of sand-dune and 
loess deposition, with attendant wind polish and 
scour on bedrock and production of ventifacts, 
or caliche and similar deposits. Increased rain- 
fall may stabilize the dunes and produce 
weathering profiles in the soils and _ loess. 
Weathering will tend to destroy wind-polished 
and scoured surfaces and reverse caliche-pro- 
ducing processes. Changes in floral assemblages 
will be correlative with faunal changes. Changes 
in available food supply are especially well 
shown by migration of the larger animals and 
the predatory human being. 

In areas of moderate to heavy rainfall, where 
fluctuations have less pronounced effects on 
the flora and fauna, dating and even definite as- 
signment of events to the Pleistocene is diffi- 
cult or highly speculative within the frame of 
our present knowledge. Stream terraces and 
deposits, gullying, and dissection are commonly 
assigned tentatively to the Pleistocene for want 
of definitive evidence. Soil horizons (Bryan 
and Albritton, 1943) and fossil and relict floras 
may indicate climatic conditions that differ 
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only slightly from those of the present. With- 
out widespread horizon markers, such as layers 
of volcanic ash (Frye, Swineford, and Leonard, 
1948), to which events can be related, correla- 
tion of events from watershed to watershed is 
difficult. 

Occasionally fossil remains are uncovered in 
stratigraphic sequences that can be assigned to 
the Pleistocene, but whose exact position within 
the Pleistocene can be assigned only tenta- 
tively. Especially valuable paleontologic studies 
have been made of the deformed Pleistocene 
formations of California. (See Woodring and 
others, 1940; 1943; 1946). Often the character 
of the living fauna is not known, so comparison 
with fossil faunas assigned to the Pleistocene 
is not possible. Commonly migrations in alti- 
tude of the fauna is the only indication of cli- 
matic change (Stearns, 1942) unless extinction 
of the species is known. Where stratified de- 
posits occur in caves or other sheltered and iso- 
lated positions, a sequence of events determined 
at one point may not be correlated with a re- 
gional sequence on other than a purely subjec- 
tive basis. If sufficient events of major impor- 
tance are noted within a single deposit, a 
common but hazardous practice frequently used 
to determine the age of the deposit is the cor- 
relation of the number of events in the local 
deposit with the number of events in the far- 
removed glaciated regions. 

To evaluate qualitatively the importance of 
adaptations to environmental changes produced 
through climatic fluctuations, it is essential to 
know (1) the magnitude of these fluctuations 
necessary to change the environment signifi- 
cantly, and (2) the relative sensitivity of fauna, 
flora, soil, erosive processes, and other factors to 
these changes. Until more is known of the rela- 
tive sensitivity of the various indicators of 
climatic fluctuations, interpretations of the past 
can be only subjective. 


Submarine Siratigraphy 


Within the past few decades increasing atten- 
tion has been devoted to the study of the stra- 
tigraphy of the sea floor. High hopes are enter- 
tained that through this relatively new line of 
attack many of the problems of Pleistocene 
stratigraphy may be solved. Special techniques 
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have been devised for obtaining submarine 
core samples of the unconsolidated sediments 
on the continental shelf that record the »& 
quence of events dating back from the present 
(Bradley and others, 1942). 

On the assumption that Pleistocene climatic 
fluctuations produced world-wide fluctuation; 
of the temperature of sea water, it is logical 
to believe that there were resultant changes in 
faunal assemblages and sedimentation at any 
given locality. Migration of certain forms « 
marked changes in the composition of th 
fauna, primarily Foraminifera, indicate sud 
changes in environmental conditions, presum.- 
bly the water temperatures (Bradley and 
1942; Phleger, 1939; 1942; 1945; 1947; 104g. 
Phleger and Hamilton, 1946). Lowering of sa 
level by the withdrawal of vast quantities of 
water stored in ice on the surface of the land 
produced changes in sedimentation (Tras, 
Phleger, and Stetson, 1947). Although there is 
no quantitative information available, salinity 
of the sea water must have been somewhat 
increased. Sedimentation on the continental 
shelves was materially affected by the changed 
strand lines. Likewise, the changed regimen 
streams affected sedimentation, especially near 
stream mouths (Fisk, 1944). Similar changes, as 
yet little known, must have occurred where 
glaciers debouched directly into the sea. 

Results of recent studies of the sea-floor de 








posits have been summarized by Phleger. He 
reported (1948) that one core, 15.4 meters long, 
taken from the Caribbean, showed 11 obviow 
shifts to a cold-water environment, perhaps 
giving a complete stratigraphic section of tk 
Pleistocene climatic fluctuations. A speculative, 
but highly fascinating attempt is made to com 
latestratigraphicsequences indicating warm-am 
cold-water phases with the climatic flucte 
tions which produced the glacial and inte 
glacial ages and subages. No attempt has ye 
been made to name submarine formations ort 
establish definite correlations on the basis d 
changing faunas. It is hoped that, with further 
study, the records gathered from many poi 
on the sea floor may be correlated on a wort 
wide basis, thus giving the first definite infor 
mation regarding a world-wide 

which must be correlative with that d 

by the study of terrestrial deposits. 
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SUMMARY 


Many branches of science have a vital in- 
terest in the Pleistocene epoch, which is defined 
and characterized by multiple climatic fluctua- 
tions. These fluctuations have left myriad im- 

which range from the spectacular 
features of glaciation to the almost impercep- 
tible changes in regions far removed from gla- 
cial conditions. All life, the environment, and 
the attendant physical processes were influenced 
by the sequence of climatic fluctuations on 
which Pleistocene stratigraphy ultimately must 
be based. 

Techniques differ from those used in the strati- 
graphic interpretations of earlier geologic time. 
Local sequences of events can be established, 
but not always can they be fitted definitively 
into the major chronology. The establishment 
ofa world-wide chronology with uniform termi- 
nology has not been attempted and would be 
hazardous with the present state of knowledge. 
Because of the localization and character of 
Pleistocene deposits, formational names are 
less commonly applied than in earlier geologic 
time. In general, correlation of deposits has 
been attempted by reference to the various 
periods of cold or warm climate, referable to 
glacial or interglacial age or subage. 

Each field of natural science dealing with 
the Pleistocene is striving to establish a chro- 
nology into which the sequence of events of the 
individual sciences can be fitted. However, in- 
dependently, none can give the complete an- 
swer. Each field of specialization, as in the case 
of stratigraphy, needs the direct aid and sup- 
port of all others in order to derive a chronology 
applicable to all. Ultimately this chronology 
will rest on the series of world-wide climatic 
fluctuations, of which, unfortunately, neither 
the cause nor the detailed story is now known. 
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INTRODUCTION 


Until the close of the eighteenth century, the 
forbidding summit areas of the great Alpine 
mountain chain of Europe held unknown ter- 
rors for men in all walks of life. Few strayed 
from the ancient routes of travel through the 
passes; glaciers and perennial snow, nestled 
among the rugged peaks, were shunned. Not 
until the early nineteenth century did natural- 
ists, spurred by the pioneer studies of De 
Saussure, discover the beauty and scientific 
interest of the ice and snow fields. The avid 
exploration and inquiry of naturalists and phi- 
losophers in the Alps marked the opening of an 
tatly period of investigation which culminated 
in the charming essays of Tyndall. 

These early students of Alpine glaciers recog- 
nized that rock debris transported by glaciers 
and discharged from the melting termini in- 
dicated that glaciers are active agents of erosion, 
modifying the terrain in conformity with defi- 
nite dynamic processes. The slow motion of 
the ice, creeping down the valleys, led to the 
conclusion that ice acted much as a stream of 
water, smoothing and polishing the bedrock 
over which it moved and modifying the land- 





scape by shaping the terrain. Glacier-trans- 
ported debris, deposited directly from melting 
ice or by meltwater streams, left unmistakable 
evidence of past fluctuations of- the glaciers 
within the valleys and far from the glacierized 
areas along the courses of the drainage streams. 
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Albrecht Penck and Briickner, in Europe, and 
W. M. Davis in America, through their classic 
studies in the opening years of the twentieth 
century, formalized the study of features of 
alpine glaciers.' The tremendous imprint of 
their studies so fixed the general ideas concern- 
ing alpine glaciation that for many years little 
attempt was made to re-examine or challenge 
their beliefs. Recently, detailed studies of some 
processes indicate the necessity of minor revi- 
sions. The main concepts, however, remain es- 
sentially unchanged. 

Through the erosional and depositional fea- 
tures of the landscape, produced by episodes 
of alpine glaciation, the geologist can recon- 
struct the glacial history. Because these epi- 
sodes of glaciation are the result of climatic 
fluctuations, on which the geologic history of 
the Pleistocene, as well as the epoch itself, is 
based, interpretation of the geomorphic devel- 
opment of the landscape by means of alpine 
glaciation leads to the development of a chro- 
nology of climatic events whose impact on many 
other fields of science concerned with the Pleis- 
tocene is essential to their interpretation. To 
the development of this chronology the infor- 
mation supplied by studies of alpine glaciation 
is especially important. Many problems of 


1 “A glacier formed among summits and descend- 
ing a mountain valley.”” Webster’s New Interna- 
tional Dictionary of the English Language, 2d ed., 
unabridged: G. and C. Merriam Co., Springfield, 
Mass., 1946. 
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alpine glaciation, either poorly understood or 
in need of more detailed study, are emphasized. 


THE CIRQUE 


Until the classic study of W. D. Johnson 
(1899), opinions differed widely as to the proc- 
esses that produced the cirque. It had been 
suggested that they were of preglacial origin, 
that they were weathering features, that they 
were produced by water erosion, that they were 
shaped by the action of ice, and that avalanch- 
ing of snow and ice to the cirque floor produced 
erosion similar to that beneath a waterfall. 
Johnson’s observations led to the general ac- 
ceptance of his bergschrund hypothesis, that 
cirques are the product of basal sapping of the 
walls of a depression in which snow accumulates. 
Descending a bergschrund (the crevasse which 
commonly parallels the headwall of the cirque 
during the warmer months at the point sepa- 
rating stationary from moving snow and ice), he 
found that the crevasse penetrated to bedrock 
and that its lower part separated bedrock on 
one side from moving ice on the other. His ob- 
servations showed that meltwater resulting 
from the warm, day temperatures kept the 
rock of the headwall wet. Air circulating 
through the bergschrund during the summer 
months is subject todiurnal changes, frequently 
crossing the freezing-thawing point. At night, 
when temperatures drop below freezing, melt 
water is changed to ice, causing appreciable 
mechanical disintegration of the bedrock cirque 
headwall. Blocks riven and pried from the 
headwall by ice action are incorporated into 
the moving ice on the down-valley side of the 
bergschrund and are transported from the 
cirque. This process of sapping of the cirque 
walls long has been accepted as the casual 
factor for the development of the cirque after 
initiation of the depression for snow and ice 
accumulation, either through preglacial weath- 
ering and erosion or through the process of 
nivation, described and named by Matthes 
(1900). 

W. V. Lewis (1938; 1940) questioned the 
ability of bergschrund sapping to produce pre- 
cipitous cirque headwalls from several hundred 
to 2000-3000 feet high. Because the thickness 
of ice within the larger cirques exceeds the 
critical thickness for producing plasticity in 
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the lower layers (Perutz, 1948), Lewis reas 
that the bergschrund could not remain open 
a depth sufficient to produce the obge: 
headwall sapping. His observations of y 
cirques now occupied by glaciers, the resto. 
tion of the surface gradient of ice within 
glaciated cirques, and the relation of the 
surface to cirque walls have led Lewis to moi 
ify the bergschrund hypothesis and to d 
a more comprehensive meltwater hypothesis, | 
brief, this hypothesis explains 
“that meltwater periodically descends the 
walls of cirques, melts its way down behind theig 
and into crevices in the rock, and there freeas a 
night or during cold spells. The material ¢ 
ies loose is then removed by the Amey and 
form 


cirque erosion proceeds mainly by this 
headwall recession” (Lewis, 1949, p. 110). 


D. W. Johnson (1941) severely criticized 4 
meltwater hypothesis, clinging to a slightly 
modified bergschrund hypothesis, confining 
headwall erosion to the bergschrund. Lewy’ 
convincing reply (1949) has opened a brad 
front on which to attack, from field obsery: 
tions, the validity of the arguments, not only 
from the viewpoint of existing glaciers in differ 
ing climatic zones, but from that of the Pleisto 
cene, when the climate was more rigorous, 

Ahlmann (1935; see also Matthes, 1942) has 
classified glaciers as high polar, subpolar, ani 
temperate, depending on their geographic pas: 
tion and thus their relation to temperature a 
ditions. Little is known concerning the effect 
of these temperature conditions on geomorphit 
processes of existing alpine glaciers. If effecs 
show marked differences in processes activei 
the different types, then similar differencs 
may be discovered in geomorphic features 
alpine glaciation which may be referred tot 
fluctuating climatic conditions of the past. Pa 
sibly such processes of cirque formation 
outlined by the meltwater hypothesis may 
function for all three glacier types. Observ 
tions should be made where possible that my 
have bearing on this critical problem. 

The rate of downward cutting of the d 
floor, as contrasted with the headward re 
sion of the cirque, has received considerable 
tention, especially because of its close relati 
to the method of cirque formation (Cot 
1940). D. W. Johnson’s assumption (1941) t 
a cirque glacier lowers the floor of the cm 














more rapidly than it saps its headwall has been 
answered through numerous field observations 
in Norway by Lewis (1949, p. 125) who points 
f mang out that, 
“fp both the Rondane and Jotenheim one con- 
‘hin santly finds that the cirque floors grade, without 
any significant break of slope, into the plateau sur- 
he face—fye—that surrounds the higher monadnock 
to mol! masses. As many of the cirque glaciers probably 
oe i in the angle between the plateau surface 
: bis the upstanding masses, it does not seem that 
uesis, | much downward erosion has accompanied their 
substantial recession into these masses.” 


Commonly small lakes occupy depressions 
in cirque floors. Often, ice-free cirques may 
ial have lakes lapping directly against the head- 
cer, wall; in others, still containing small ice masses, 
fom lakes may lie between the ice margin and the 

bedrock lip. Although such basins and bedrock 
ized the lips have been frequently described and attrib- 
slighty} uted to pecularities of glacial erosion, little 
nfinig? attempt has been made to understand their ori- 
Lens] gin. Studies by Lewis (1948; 1949), however, 
a broad have given a rational mode of origin through 
shserva.4 rotational slipping of the ice mass along thrust 
not only} planes in cirque glaciers too thin for plastic 
in diffe-§ flow. Movement is analogous to landslide caused 
by overloading or oversteepening of bedrock. 
A series of thrust planes, probably following 
seasonal zoning bands in the ice, have been 
reported by many to emerge from small cirque 
glaciers at relatively steep angles, dipping to- 
ward the valley head (Gibson and Dyson, 1939). 
Lewis suggests that the weight of snow accu- 
mulating each season between the margin of the 
névé and the headwall, and the melting at the 
snout of small glaciers, may upset the equi- 
librium so that a rotational movement occurs 
along an arcuate thrust plane more or less par- 
allel to the bedrock-ice contact. Debris derived 
from the headwall and frozen into the ice 
provides ready tools for abrasion of the cirque 
floor. He suggests (1949, p. 128) that, 
“The tendency to form arcuate glide planes is prob- 
ably the main reason for the development of the 
basin form with its reversed slope, because toward 


the sill the ice tends to remove upward and so to 
the scouring of the floor at that point.” 


In glaciers moving far out of the cirque, the 
rotational slipping might still occur with favor- 
able conditions, thus giving rise to a series of 
valley steps and basins. As, however, such ro- 
tational slipping requires a steep surface gra- 
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dient of the ice, the most favorable area is near 
the cirque. This is substantiated by field evi- 
dence. Where bedrock character is most suita- 
ble, development of valley steps is accelerated, 
as discussed later. 


THe GLACIATED VALLEY 


Probably the most spectacular feature of 
glaciated mountains is the glaciated valley 
leading from the cirque. Its relatively low 
gradient (except in the stretch immediately 
below the cirque), its U-shaped profile, hanging 
tributary valleys, polished bedrock surfaces, 
bastions, basins, rock steps, riegels, roches mou- 
tonnées, and other features are characteristic 
of alpine glaciation. Each feature is the product 
of glacial erosion or a modification of a pre-ex- 
isting landform; similarly, glacial deposition 
produces characteristic features within the val- 
ley. Each has been studied and discussed; some 
features are not adequately explained. 

The long profile of a glaciated valley differs 
from that of the nonglaciated valley in that 
the gradient is generally less in the lower part 
and steeper in the upper, especially near the 
cirque, where the steep gradient may be accen- 
tuated by precipitous bedrock steps. Since gla- 
ciers have merely modified pre-existing valleys 
cut by mountain streams, differences in gra- 
dient are primarily the result of glaciation. 

Glacial deepening of a valley is accomplished 
by (1) abrasion, and (2) plucking or quarrying. 
The predominance of one form depends largely 
on the character of the bedrock. Where bedrock 
is massive, abrasion is dominant. Where bed- 
rock is well jointed, plucking is dominant. By 
the wedging action of meltwater freezing in 
joints in bedrock beneath the ice, blocks are 
pried out and incorporated into the overlying, 
moving ice. Doubtless the plucking action of 
glacier ice is far more effective for valley 
deepening than abrasion, which may appear to 
be more important because of the obvious 
smoothed and polished surfaces left after de- 
glaciation. 

In the zone of ice accumulation and that 
part of the valley immediately below, bedrock 
erosion by ice is greatest because movement 
is most rapid through the action of gravity, 
aided by plastic flow in the lower ice of the 
larger glaciers. It is suggested that the glacier 
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tools, in the form of angular bedrock fragments 
derived by sapping and plucking of the cirque 
walls and floor, may perhaps be more efficient 
as agents of abrasion of the valley floor than 
when more rounded, following continued abra- 
sion in the lower parts of the glacier, as sand- 
paper of angular fragments is more effective 
than that of rounded fragments. No study of 
this possible variation in effectiveness of the 
glaicer tools is known. 

In the upper part of a glaciated valley gla- 
cial erosion is more effective than in the lower 
part, where ablation thins and destroys the 
glacier. Reduction of the amount of ice and 
rate of movement because of the decreased 
impetus of gravity tends to flatten the valley 
profile. Local variations from the typical gradi- 
ent may result from many causes such as bed- 
rock steps, constriction of the valley walls, 
and entrance of tributary glaciers to the main 
valley. At these places glacier movement would 
be more rapid with consequent increase in 
glacial erosion. Exceptions to the normal valley 
profile are numerous, but do not negate the 
general principles of glacial erosion. Classic 
examples of such changes in profile have been 
described by Matthes (1930) in the Yosemite 
Valley. 

Not only does glaciation deepen the pre- 
existing valley, but, as the glacier may fill 
the valley bottom and extend high up on the 
valley walls, glacial erosion vigorously attacks 
that part of a valley not subject to normal 
stream erosion. In consequence, the glaciated 
part of the valley tends to be shaped to that 
form which permits the greatest volume of 
ice to flow with the least frictional resistance— 
that is, to a semicircular profile. Furthermore, 
glaciers tend to straighten valleys by removing 
spurs and other irregularities which would 
impede ice movement, thereby producing more 
or less straight troughs with truncated spurs 
along the lower, oversteepened valley walls 
(Cotton, 1941; 1942). Only where valley floors 
are free of debris can the semicircular shape 
be distinguished; most glaciated valleys are 
choked with deposits which tend to produce 
a flat floor and accentuate the steepness of 
the valley walls. The general form of the 
glaciated valley and its development was de- 
scribed long ago by W. M. Davis and others, 
and has received little qualitative study in the 
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past few decades. Cotton (1942) has Presented 
an admirable review of many aspects of glacis. 
tion. 
The U-shaped valley may be highly irregular 
because of differences in bedrock resistang 
to erosion and differences in effectiveness g 
glacial erosion. The effectiveness of erosion 
may be modified by such factors as position 
relative to the ice mass as a whole, amount of 
load used by the ice as abrasive tools, configura. 
tion of valley and thus differences in rate of 
movement, and confluence of tributary glaciers 
with the main trunk glacier. For example, 
a large glacially rounded bedrock mass, pro. 
jecting from the valley wall immediately down. 
valley from the junction with a 
glacier, has been termed a bastion by Von 
Engeln (1937) who believes (see Cotton, 194? 
and Ives, 1946) that bedrock of the valley wall 
has been protected from the severe glacial 
erosion of the trunk glacier by the thrust of 
the tributary glacier at right angles to that of 
the trunk glacier. Field evidence indicates that, 
although the tributary glacier joined the trunk 
glacier discordantly, the surface levels of the 
two may have been near accordance. 
Many minor roches moutonnées-like irregu- 
larities, to which names such as kmob fields, 
semi-detached knobs, sugarloaves, or beehive forms 
are applied, are nestled on valley floors or 
walls. References to many of these minor 
features of glaciation are scattered throughout 
the voluminous literature. Cotton (1941; 1942) 
reviews these features, together with many 
references to earlier studies. Drainage along 
lateral and terminal margins of the alpin 
glaciers may often have been complex, esped- 
ally during deglaciation. Box canyons may 
cut across bedrock spurs and bedrock masss 
emerging from beneath the melting ice (Ray, 
1935). Such features are common to all regions 
of mountain glaciation, but are frequently 
only casually mentioned in the literature. 
When a main stream valley is glaciated, 
it is deepened sufficiently so the junction ofa 
tributary with the main valley is not accordant, 
and the tributary valley terminates or hang 
above the main valley floor on the valley 
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wall. It is not necessary that the tributay 
valley be glaciated, for the larger glacier occupy 
ing the main valley will have deepened 
valley faster than the tributary. Matthes (1 
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showed, by profiles projecting the gradients 
of the hanging valleys to the axis of the main 
valley, that hanging valleys are largely due 
to deepening rather than to widening of the 
main valley by glacial erosion and oversteepen- 
ing of the valley walls. The latter process may, 
however, account for some of the slightly dis- 
cordant valley junctions. 

Cotton (1945) has pointed out that, when 
both main and tributary valleys were ice- 
filed and glaciers were largest, the junction 
of the ice masses was accordant and tributary 
glaciers did not generally join as ice falls. 
He says (1945, p. 318-319), 


“fp an accordant junction, . .. whether it be of ice 
streams or water streams, it is the surfaces of the 
streams that join at grade. There is a tendency both 
in glaciers and in rivers to adjust the size of every 
cross-section of the channel to suit the volume of 
ice or water that must pass through it.... The 
gicier tributary has a smaller cross-section, and 
is thus shallower, than the main, and so the floor of 
the tributary valley must be at a ry 2 level than 
that of the main, so that it forms a ging valley 
when no longer occupied by the ice.” 


In general glacier surfaces may have been 
accordant at the time of maximum expansion 
of valley glaciers. However, more rapid deep- 
ening of the main valleys than of the tributaries 
would tend to produce ice falls, and later water 
falls at the valley junctions. 

Since Matthes’ classic work on Yosemite 
Valley (1930) there has been little critical geo- 
morphic study of the hanging valley. A critical 
review of this problem, especially in such areas 
as the Alps, appears warranted. 

Glaciated valleys are commonly character- 
ized by a series of bedrock steps and basins, 
especially in the headwater reaches, so the 
long profile may appear like a stairway, the 
risers of bedrock, from a few to several hundred 
feet in height, separating flattish treads com- 
monly occupied by bedrock basins. Various 
widely divergent theories have been advanced 
for the origin of these features, some of which 
have been summarized by Lewis (1948) in 
his critical analysis of the problem. 

A few of these theories are outlined to 
indicated differences in basic principles pro- 
posed. W. D. Johnson (1904) suggested that 
the steps were formed by meltwater descend- 
ing to bedrock through deep transverse cre- 
vasses in the valley glaciers. The freezing 
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and thawing of the meltwater, entering open- 
ings in the bedrock at the bottom of the 
crevasses, wedges out blocks which can then 
be incorporated into the overlying moving 
ice. Thus, a bedrock step, developed at the 
site of the crevasse, moves slowly upvalley 
with continued glaciation. Garwood (1910) be- 
lieved that bedrock steps were due to glacial 
protection rather than erosion, each step mark- 
ing the position where downcutting by streams 
emerging from beneath the glacier had been 
halted in interglacial time by the protecting 
glaciers. In 1922, Taylor proposed the palimp- 
sest theory on the basis of his observations 
in Antarctica, believing that the steps origi- 
nated as the headwalls of a series of independent 
cirques, later integrated into a single stepped 
valley. Sdlch (1935) proposed that the steps 
mark the heads of streams rejuvenated by 
periodic uplift. 

Matthes (1930), after detailed study of the 
glacial features of Yosemite Valley, concluded 
that, as the steps coincided with zones of less- 
jointed bedrock, they were due to bedrock 
resistance to glacial erosion; excavation of the 
well-jointed bedrock produced the treads. This 
explanation is in harmony with the principle 
of selective quarrying by glaciers. Unfortu- 
nately, bedrock jointing in other glaciated 
valleys where steps occur has not been studied, 
and Matthes’ explanation has been accepted 
generally without further proof. 

Lewis (1948), in offering several hypotheses 
for the formation of valley steps, enlarged on 
the explanation of Matthes by applying his 
principle of meltwater sapping to the quarrying 
of bedrock where glaciers are sufficiently thin 
to expose parts of the bedrock of the steps 
and permit the entrance of meltwater beneath 
the ice, thus evoking the same sapping and 
quarrying effects by which he explains the 
origin of cirques (Lewis, 1938; 1940). Where 
glaciers are thick, Lewis held that a small 
amount of glacial sapping and quarrying may 
be aided by the hydrostatic pressure of melt- 
water in openings in bedrock and the freezing 
of meltwater as pressure is released on the 
stoss side of bedrock irregularities by move- 
ment of glacier ice. Lewis also inferred that 
extrusion flow may account for bedrock irregu- 
larities, for, where the ice is thickest, its 
movement is dominantly by extrusion flow 
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and thus greatest in the lower parts of the 
glacier. Assuming that, where velocity is great- 
est, scouring and grinding are at a maximum, 
basins would be formed at the base of steps, 
on the treads. Lewis’ mechanism of rotational 
slipping is also suggested as a factor in the 
production of valley steps, following the same 
lines of reasoning and observation used in 
his suggestions concerning the formation of 
cirques. 

Commonly a bedrock barrier or riegel may 
extend across a constricted section of a glaciated 
valley at the brink of a bedrock step. These 
have been described mainly from the Alps 
where they frequently coincide with resistant 
bedrock strata, thus suggesting that they may 
be remnants of preglacial landforms. Older 
workers, such as W. M. Davis and Albrecht 
Penck, explain riegels by glacial overdeepening. 
De Martonne, suggesting that riegels occur 
where valleys are constricted, relied on bedrock 
resistance to glacial erosion and preglacial 
stream rejuvenation (Cotton, 1941;1942). No 
generally acceptable theory has been devised 
to explain their origin, and it may be that riegels 
have been produced by several means. How- 
ever, valley-step formation and the relation 
of ice movement to efficiency in erosion of 
bedrock of varying resistance (Lewis, 1938; 
1940; Matthes, 1930) may indicate more clearly 
the production of the riegel. 

Valley steps and riegels may be formed by 
several processes; in each case the condition 
of bedrock and the glacier must be analyzed. 
Confirmation of the mechanisms recently pro- 
posed must await more thorough knowledge 
of the physics of ice movement, effectiveness 
of meltwater beneath the glaciers, and details 
of the bedrock formations. 

Basins, common in glaciated valleys, are 
generally assigned to several of the formative 
processes that produce the valley steps, such 
as selective quarrying of shattered bedrock, 
extrusion flow, and rotational slipping. How- 
ever, many have been explained by greater 
ice velocity due to constriction of the valley 
and the entrance of large tributary glaciers to 
the trunk glacier, both producing a greater 
velocity of the ice and thus more effective 
erosion. Thus, like the valley steps, basins may 
be assigned to several processes, depending on 
the local conditions of bedrock and ice move- 
ment. 


The relative effectiveness of glacial abrasion 
and quarrying in producing these various fe. 
tures and in the sum total of glacial erogign 
is variable, depending on local conditions of 
bedrock character and ice. Generally, quarry. 
ing has been the greatest erosive process, re. 
ing the greatest amount of rock, although jp 
places abrasion has been interpreted as most 
active (Daly, 1912). Smoothing and polishing 
of bedrock are so obvious that often the amount 
of bedrock removal has been assessed on sur. 
ficial features alone. Matthes (1930) and Jahns 
(1943) have indicated the relationship between 
bedrock character and amount of quarrying 
Unfortunately, detailed quantitative studies ar 
relatively few; in the spectacular fjord regions, 
where erosion has been intense and carefl 
results are necessary for understanding mod 
of origin, conclusions are diverse. It is hoped 
that detailed geomorphic studies, correlated 
with studies of bedrock character and restom- 
tion of former ice conditions, will aid in bring. 
ing about the necessary specific information 
on the effectiveness of abrasion and quarrying, 
as well as the total capacity of a glacier to 
erode, both vertically and laterally. 


Deposits OF ALPINE GLACIERS 


All debris transported by an alpine glacier 
is deposited in a variety of forms and in one 
of two ways—either directly from the melting 
ice or through transportation by meltwater 
drainage streams (fluvio-glacial). Interpretation 
of the origin and significance of the deposits 
is necessary to understand the sequence d 
local events and the position of these events 
in the world-wide glacial chronology. 

Lateral moraines may form conspicuous ridge 
like features of unsorted debris. Rock fragments 
transported by the glacier and concentrated 
along the valley walls by melting of the ie 
are augmented by debris fallen from the valley 
walls, where weathering is unusually active 
because of the climatic conditions favorable 
to it. Cotton (1942) has termed those ridges 
that lodge on benches or other locally lev 
areas along the valley walls, stranded moraint. 

Unfortunately, there has been little critial 
investigation of the origin and significant 
of lateral moraines; some of the complexitit 
have been discussed by Flint (1948b) in li 
study of South Glacier on Jan Mayen. Althoug 
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lateral moraines have been used to establish 
glacial ages, especially where terminal moraines 
have been removed by erosion (Ray, 1940), 
care must be used in separating a series of such 
moraines. As Flint has noted on Jan Mayen, 
each morainic ridge does not necessarily repre- 
sent an ice advance. If lateral moraines merge 
with terminal moraines, more exact dating and 
the establishment of a sequence of ice move- 
ments may be possible. 

Medial moraines, commonly described from 
observations of existing glaciers, are rarely 
preserved during deglaciation. Because their 
final lodging place is the valley floor, the debris 
is subject to intense stream erosion and removal, 
or burial beneath fluvio-glacial deposits. 
Formed by the merging of lateral moraines 
at the confluence of two glaciers, medial mo- 
raines may attain spectacular development on 
existing glaciers, although near the distal mar- 
gin the debris may be so scattered as to lose 
its identity and merge into a superficial abla- 
tion mantle, of little value in the determination 
of the glacial history. 

Few students have distinguished critically 

between the terminal or end moraine, marking 
the farthest advance of the glacier at a given 
age, and the recessional or stadial moraine, 
marking a position in the recession of the 
glacier when the ice stood almost stationary 
for a time sufficient to permit building of a 
moraine. The size of these moraines depends 
on a variety of factors and not alone on the 
size of the glacier or the amount of load that 
it transports (Cotton, 1942). In New Zealand, 
the absence of moraines in many valleys may 
be accounted for, according to Speight (1940, 
p. 140), in several ways: 
“(1) Such a moraine has never been deposited . . . ; 
(2) A terminal moraine was deposited but des- 
troyed subsequently by the action of the glacial 
stream; (3) The terminal moraine, if formed, was 
buried in the material brought down by rivers; 
(4) Deposition of the burden of debris has taken 
place by downwasting, the covering material having 
just been dropped as the ice wasted away.” 

Little attention has been paid to the minor 
features associated with the terminal moraines: 
solifluction layers, ventifacts and other eolian 
features, depth of weathering, and erosion. 
These should be examined in detail, especially 
Where moraines are used for: determination 
of a glacial chronology. Evidence on which 

inations are made concerning origin and 


age relations of a moraine, whether it marks 
a halt at a maximum position of advance, or 
a halt in the recession from a more advanced 
position, is still subjective. Supporting evidence 
is usually gathered elsewhere, especially from 
related fluvio-glacial deposits (Bryan and Ray, 
1940). 

Almost all alpine glaciers have been receding 
since they were first studied in detail (Ahlmann, 
1948; Matthes, 1942). Thus, there is little defi- 
nite information on the differences in amounts 
of meltwater and debris issuing from an ad- 
vancing, as opposed to a receding glacier. 
However, once the terminus of the ice extends 
below the snow line, large quantities of melt- 
water are produced, and debris is freed and 
washed from the melting ice. The larger the 
ice tongue and the greater its length below the 
snow line, the greater the amount of meltwater 
and debris. 

The ice-freed debris is transported, sorted, 
and commonly re-sorted many times by melt- 
water streams. Deposits of many types are 
developed, both adjacent to and far from the 
terminus of the ice, along the courses of the 
meltwater streams. Because of the areal ex- 
tent, fossil content, relation to other datable 
deposits, weathering, and erosion, the fluvio- 
glacial deposits form an important key to the 
interpretation of the history of alpine glaciation. 

When alpine glaciers have pushed from their 
confining valleys on to piedmont lowlands, 
outwash spreading from the ice margin forms 
broad aggraded outwash plains, fans, or aprons. 
These features have been likened to alluvial 
fans developed by continuous rather than in- 
termittent upbuilding (Von Engeln, 1942). If 
the glacier terminus remains fixed for a long 
time, aggrading streams may build up the de- 
bris to the level of the ice surface; perhaps 
debris may be deposited on the ice itself 
(Mannerfelt, 1945). Detached blocks of ice 
may be incorporated within the fluvio-glacial 
deposits so that when melting occurs the sedi- 
ments will be let down in irregular masses 
to produce pitted outwash plains with kettle 
holes and related features (Wentworth and 
Ray, 1936). 

If the glacier terminus stagnates or retreats 
slowly from its advanced position outside the 
confining valley walls, gradients of the drain- 
age streams may be lowered and debris load 
diminished so local terrace sequences may be 
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developed in the outwash plain near the ice 
margin (Ray, 1935). If recession is rapid, a 
fosse may be developed between the melting 
ice and the terminal moraine or inner ice-con- 
tact margin of the outwash plain. This fosse, 
filling with meltwater, produces a proglacial 
lake in which sediments are so deposited that 
there are commonly intimate mixtures of un- 
sorted debris from the moraines, sorted stream 
deposits, and lacustrine deposits. Meltwater 
drainage streams, dropping their heavy load 
in the lake basin, issue as underloaded streams 
capable of further trenching of the outwash 
debris. By these methods a series of small 
terraces may be developed near the glacier 
terminus; downstream, far from the glacier, 
they may merge into a single terrace represent- 
ing the major ice advance. 

Debris carried far from the glaciated areas 
may lose its glacial character through the 
gradual reshaping by rounding, comminution, 
and adulteration by nonglacial sediments of 
tributary streams draining nonglaciated regions. 
Climatic fluctuations and consequent fluctua- 
tions in the glacier regimen may produce ter- 
race sequences along streams far from the 
mountain areas. These sequences in nongla- 
ciated areas may be traced upstream and 
correlated with glacier advances marked by 
morainic systems in the mountain valleys or 
piedmont lowlands (Bryan and Ray, 1940). 

Where glacier termini are confined within 
valley walls, the debris carried from the ice 
commonly floods the valley from wall to wall, 
producing a valley train, correlative with ex- 
tensive terrace levels far from the glaciated 
areas and with the terminal or stadial moraines 
within the valley. Correlation of major 
and minor terrace sequences should be studied 
in detail in areas of existing glaciers so that 
interpretation of similar sequences developed 
by former ice advances may be properly inter- 
preted, for they are generally the most impor- 
tant means of recovering the sequence of events 
in the history of an alpine glacier. 

The walls of valleys formerly occupied by 
alpine glaciers are commonly oversteepened 
and subject to severe weathering, so unconsoli- 
dated debris, deposited on them at the time of 
glaciation, is rarely preserved. However, studies 
of existing glaciers demonstrate that, during 
deglaciation, a wide variety of features are 
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formed by deposition between the lateral ice 
margin and the valley wall. Sediments derived 
from the debris of the lateral moraines, from 
the valley walls, and from the surface of the 
glacier are sorted and deposited along lateral 
stream courses. These deposits are similar to, 
but smaller than, the kame terraces formed 
during deglaciation of the continental ice sheets 
along stream valleys. Where drainage js 
blocked, small lakes may be formed in which 
lacustrine deposits accumulate (Mannerfelt, 
1945). With reduction of the glacier ice or 
drainage of the impounded water through sub- 
glacial channels, the lateral deposits may be 
stranded on the valley walls. Their unstable 
position and unconsolidated character com- 
monly result in their rapid disappearance 
through slumping and erosion. 

As deglaciation progresses, valley walls may 
become blanketed with remnants of lateral 
deposits from the highest point of deposition 
to the valley floor. Lateral drainage channels 
cut in both bedrock and surficial debris have 
been described by Mannerfelt (1945) from the 
valleys of Scandinavia. Where they occur in 
sequences on the valley walls—as many as 
78 have been reported—he suggests that they 
are annual features, the result of seasonal ice 
melting of an almost catastrophic nature. Until 
the exact nature of deglaciation is thoroughly 
known, many of the problems will remain 
unsolved. Studies similar to those of Manner- 
felt should be made in other regions in the hope 
that fundamental principles may be established. 

Deltas in the proglacial lakes and lacustrine 
deposits in the basins of mountain valleys 
should receive more detailed study from the 
glacial geologist and the sedimentologist be 
cause of their close relation to the chronological 
history of the region and the fluctuating phys 
ical environment. This is especially true in re 
gions where paleontological and archaeological 
finds may be closely associated with the sed- 
imentary history, both chronologically and ge0- 


graphically. 
Tue GLACIATED MOUNTAIN LANDSCAPE 


Davis’ classic paper (1906) on the sculpture 
of mountains by glaciers is a lucid explanation 
of the character of glaciated, as opposed t 
nonglaciated, mountains. Since this early & 
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position and Davis’ many later papers, there 
have been numerous reaffrmations, minor 
modifications, and additions to the original 
thesis (AhImann, 1919; Cotton, 1945; Hobbs, 
1911; and others), now universally accepted. 
Later literature on the over-all sculpture of the 
mountain landscape has been largely descriptive 
and confirmatory. Even the diagrams of Davis 
(1906,p.80, 81, 83) illustrating the development 
of the glaciated mountain landscape through 
three stages, from (1) nonglaciated, to (2) 
glaciated, and to (3) deglaciated, have fre- 
quently recurred in the literature in their 
original or modified form (Cotton, 1945; Hobbs, 
1911; Flint, 1948a). 

The erosional capacity of glaciers, like that 
of runing water, may be considered cyclic 
in its role as modifier of the landscape. Theo- 
retically, if mountains are elevated to heights 
producing glaciation, the glaciers should in 
time remove the summit areas of accumulation 
by erosion, reducing the mountains to elevations 
at which the glaciers could no longer sustain 
themselves, and would thus disappear. As Davis 
has pointed out (1906), this cycle of erosion, 
from birth to extinction of glaciers through 
their reduction of the land surface, is not known 
to have happened, and, in mountains such as 
the Alps, the strongly glaciated terrain with 
rugged peaks and aretes characterizes a land- 
scape which was more intensely glaciated in 
the past. Thus, episodes of glaciation have 
never lasted long enough to reduce mountains 
sufficiently to cause extinction of the glaciers, 
and glaciation is therefore the product of an 
external control—climatic fluctuations. 

Davis, in his many publications, Hobbs 
(1911), and others have described the produc- 
tion of the many rugged forms such as horns 
and aretes, that are characteristic of the gla- 
cated mountains. These forms are either di- 
rectly or indirectly the result of glaciation 
and the transformation and removal of the 
gently rounded uplands by consumption 
through headward expansion of the cirques. 
Davis held that glacial features will be rapidly 
replaced by “normal” features following de- 
glaciation. However, if a second glacial episode 
follows the first, ‘the amount of sculpture ef- 
fected in a first glacial epoch may therefore be 
teasonably estimated as of much greater vol- 
ume than in a second epoch” (Davis, 1906, p. 
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82). Thus, fluvio-glacial and most minor features 
of a glaciated valley or mountain terrain are 
either produced by the last epoch of glacia- 
tion or have been highly modified by the last 
glaciation from pre-existing glacial forms. 
Many regions where alpine glaciers existed may 
have been later overwhelmed by extensive ice 
caps or even continental ice; the features of al- 
pine glaciation now observed may be the ear- 
lier forms resharpened by glaciation in a later 
period of climatic refrigeration. Too little is 
known of the processes of deglaciation and re- 
glaciation, as witnessed by the controversies 
concerning the origin and age relations of the 
cirques in the White Mountains of New Hamp- 
shire to the continental ice sheets (Goldthwait, 
1940; D. W. Johnson, 1933). This type of prob- 
lem has, however, recently been studied in Nor- 
way and Sweden (Mannerfelt, 1945). Careful 
consideration should be given to such studies 
so that this vexing problem may be clarified 
and the effectiveness of glacial mountain sculp- 
ture may be more thoroughly understood. 


SUMMARY 


Alpine glaciers are important molders of 
the terrain, producing a variety of erosional 
and depositional landforms. Through these, the 
history of climatic fluctuations, to which the 
glaciers owe their existence, may be deduced. 
Because alpine glaciers are of limited extent 
and mountains supporting them are widely 
separated geographically, the alpine glaciers 
carry the evidence of climatic fluctuations far 
from the areas of continental glaciation. More- 
over, climatic fluctuations too small to produce 
vast continental glaciers may be sufficient to 
produce minor advances of alpine glaciers and 
landforms, as historic evidence indicates. For 
this reason, deposits of alpine glaciers, far 
from the border of the continental drift de- 
posits, may carry the glacial chronology of 
major and minor climatic fluctuations into 
areas for which no other datable sequence of 
deposits exists. Not only are alpine glaciers 
an important geologic factor in the dynamic 
processes affecting the higher mountains of 
the earth, but they are an important key to 
the understanding of the Pleistocene. 
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Climatic change constitutes the common de- 
nominator for a wide range of Pleistocene! 
phenomena. Recurrent glaciation was by far 


“Vn thi this paper, the term Pleistocene is used to 
include all of post-Pliocene time, as proposed by 
Flint (1947, p. 209). 
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its records, gradually deciphered over a long 
span of time, provide the basis for a standard 
chronology of the Pleistocene. Beyond the 
glacial border, the effects of climatic change, 
although far-reaching, were for the most part 
less dramatic and are therefore more difficult 
to distinguish. Investigation of these effects, 
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however, is essential for an understanding of 
the Pleistocene in its broader aspects. To a 
considerable extent, it is.on the basis of rela- 
tions to a sequence of climatic changes that 
events in the nonglaciated areas may be cor- 
related with one another and with the standard 
time scale, allowing the many local and limited 
chronologies to be drawn together in a unified 
picture of Pleistocene history. Furthermore, 
it is mainly from a study of climatic effects 
in the nonglaciated areas that we may expect 
to gain a more adequate conception of the 
character and magnitude of the climatic changes 
themselves, thus to obtain a better basis for 
reconstructing meteorologic conditions attend- 
ing glaciation, and for considering their bearing 
on theories as to the ultimate cause of Pleisto- 
cene climatic fluctuations. 

Climatic effects in nonglaciated areas are 
recorded in two main types of phenomena: 
biologic and physical. Investigations of the 
biologic phenomena, involving the migration 
and progressive modification of floras and 
faunas, are fundamental and are dealt with 
elsewhere in this series of papers. The evidence 
provided by purely physical phenomena com- 
plements the biologic record and, in the many 
places where fossils are absent or inadequate, 
provides the primary basis for interpretation 
of former climatic changes. Of the various 
physical effects related to climatic fluctuations, 
three are of particular interest for the problems 
which they present and for their significance 
in the interpretation of the Pleistocene record: 
(1) eolian phenomena, including dune building, 
loess deposition, and sand blasting; (2) frost 
phenomena, including mechanical weathering, 
ground-ice development, solifluction, and asso- 
ciated processes; and (3) stream terracing pro- 
duced by alternations between aggradation and 
degradation. In this paper, each of these types 
of phenomena is discussed from the viewpoint 
of its relevancy to the interpretation of Pleis- 
tocene events. The discussion is designed (1) 
to review the present status of investigations 
in each field and to provide a guide to the 
literature relating to it; (2) to note some of 
the problems in need of study, with particular 
reference to the Pleistocene of North America; 
and (3) to suggest ways in which the co-ordi- 
nated efforts of workers in several related 
fields of science concerned with the Pleistocene 


may contribute to the solution of these prob- 
lems. 

In studying the physical effects of j 
climatic conditions in nonglaciated areas, it 
has been found that certain effects are partic. 
larly prominent in a zone of indefinite breadth 
marginal to continental ice sheets. In this zone, 
the meteorologic regime is presumably jp. 
fluenced to a considerable extent by the ig 
itself, making for cold, frosty, and windy op. 
ditions. The zone thus characterized, as we] 
as the general climatic conditions and geome. 


phic phenomena in that zone, is commonly 


designated as periglacial. 
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Sand Dunes 


Iniroduction—In the study of Pleistocene 
geology, the dunes of direct interest are thox 
which antedate the present—that is, thos 
which either are stabilized at present or whic, 
although now active, became so through 
juvenation following an interval of stabilize 
tion. From such dunes one can infer (1) former 
direction of dune-building winds; (2) forme 
conditions of relatively greater aridity, or other 
conditions responsible for a source of sand; 
and (3) in certain favored localities, a sequent 
of alternations between dune building atl 
stabilization or other processes. Dunes d 
strictly modern origin are of indirect interst 
insofar as they reveal characteristics significant 
for the interpretation of ancient dunes. 
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Attempts to make interpretations of this 
type began in Europe and date back to the 
early 1900’s. In the earlier stages of investiga- 
tion, considerable controversy arose on various 
points of interpretation. This was reviewed 
at length by Hégbom (1923) and more briefly 
by Cooper (1935). Hégbom’s work did much 
to settle the controversy and to present a 
unified picture of late Pleistocene dune build- 


In North America, dune studies are consider- 
ably less advanced than in Europe, although 


monly | dune areas are far more extensive. Until re- 
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cently, the few observations recorded were 
mostly casual and general. Undoubtedly this 
was due largely to the absence or inadequacy 
of maps for dune areas. With the advent of 
aerial photography a new method of attack 
was opened up, leading to definitive studies 
by Cooper (1935), Melton (1940), H. T. U. 
Smith (1940a; 1940b), and Hack (1941). The 
reas covered by these studies are relatively 
mall, however, and much remains to be done 
fore our knowledge of American dunes can 
compare with that of European dunes. 

In the following paragraphs, the various 
criteria for interpreting dune history are out- 
lined, progress in regional studies is reviewed, 
and some of the more important problems 
awaiting further study are noted. Many in- 
teresting questions as to morphology and dy- 
namics of dune building, not directly related 
to the interpretation of dune history, are | 
cluded from consideration. ad 

Interpretation of wind direction —The direc- 
tion of former dune-building winds may be 
inferred from (1) dune morphology, (2) dune- 
sand bedding, or (3) the disposition of dunes 
or dune fields with respect to restricted sources 
of sand. Of these factors, dune morphology 
is the one most readily studied and, where 
sufficiently well defined and well preserved, 
is generally the one most nearly definitive as 
a basis for interpretation. 

The correct interpretation of wind direction 
and other climatic factors from ancient dunes 


lent §. obviously depends on an adequate knowledge 
ami of the formation of dunes. In discussing this 


s 


question, the various types may first be 


eres reviewed briefly. Empirically, two general 
ica classes of dunes may be distinguished: (1) 


those in bare, free sand, occurring mostly 
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in true deserts, and (2) those wholly or partly 
covered with vegetation, znd occurring in semi- 
arid to humid regions. Dunes of the first class 
include: (a) barchans, or crescent-shaped dunes 
with their convex side toward the wind; (b) 
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Ficure 1.—D1acGramMs SHOWING VARIETIES OF U- 
SHAPED AND RELATED DuNE Forms WHICH 
Commonty ARE Founp IN A STABILIZED ConplI- 
TION AND RECORD THE DIRECTION OF FORMER 
DUNE-BUILDING WINDS 
Forms at bottom are composite; sketched from 

aerial photos and maps. Arrow indicates wind 

direction. Individual dunes range from a few 
hundred feet to a few thousand feet in length, 


ordinarily. 


transverse dune ridges, extending at right angles 
to wind direction, and having a markedly 
asymmetric cross profile, with the steeper side 
facing away from the wind; (c) certain varieties 
of so-called longitudinal dunes, or sand ridges 
elongated parallel to wind direction; (d) wind- 
shadow dunes; and (e) various irregular forms. 
All these may be observed today in the active 
state; types (a) and (b) are particularly well 
known, and their migratory character and 
relations to wind direction are matters of 
common knowledge. Dunes of the above first 
class, however, do not enter directly into the 
interpretation of Pleistocene history unless they 
have been stabilized, or changed over into the 
second class, without loss of diagnostic features. 

Dunes of the second class, those more or 
less stabilized, or covered with vegetation, 
generally show forms distinctively different 
from those of the first class. Particularly com- 
mon are the forms described as parabolic, 
U-shaped, V-shaped, bow-shaped, horseshoe- 
shaped, etc. (Fig. 1), all gradational into one 
another and basically similar. These dunes 
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have the steeper slope on the side that is 
convex in ground plan and thus show the 
effect of winds from the apposite, or open side. 
Composite forms, produced by overlapping or 
fusion of unit forms, have rake-shaped or 
other varieties of outline in ground plan. Also 
there is a wide variety of irregular forms and 
of sand hills and hollows without ‘distinctive 
form; these need be mentioned only to be 
dismissed. 

In some situations, particularly in coastal 
areas, the relation of U-shaped and similar 
forms to associated dunes indicates that the 
former are of secondary origin and represent 
modification of antecedent forms by “blowout” 
action. In other situations, such evidence is 
not apparent, and the question as to whether 
they may be truly primary forms is raised. 
A correct answer to this question is of basic 
importance in the interpretation of past wind 
direction, and it was because of the conflicting 
answers proposed by different workers that 
controversy arose. 

As early as 1894, Steenstrup described the 
“parabolic” type of dune and explained its 
development so as to imply that it is a primary 
form, conditioned by the presence of vegeta- 
tion. Later, however, Solger, in a series of papers 
culminating in 1912, attempted to show that 
the ancient “bow-shaped” inland dunes of 
Germany were different from the “parabolic” 
dunes described by Steenstrup and others from 
coastal areas; he advanced the explanation 
that they originated as barchanlike dunes, 
which had their profiles overturned by a re- 
versal of wind direction just before fixation. 
He thus pictured the dunes as being built 
primarily by periglacial anticyclonic winds from 
the east and subjected to secondary remodel- 
ing as the prevailing westerlies came into 
dominance. This view met with immediate 
opposition, which later was summarized and 
amplified by Hégbom (1923), who showed 
the fallacy of Solger’s reversal process and 
recognized that the present asymmetric profile 
of the dunes is a true indicator of former 
wind direction, but postulated that the dune 
forms developed from transverse dunes, in 
ways not clearly explained. : 

Still another interpretation was set forth 
by Enquist (1932), who pointed out Hégbom’s 
failure to consider adequately the role of vege- 
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tation in dune building, as clearly set forth 
by Steenstrup and others, and postulated that 
the observed dune forms must have developed 
as secondary modifications of antecedent 
tudinal dunes built by periglacial winds. He 
thus returned part way to Solger’s idea, a 
though differing from Solger in his reasoning 
and in his conclusions as to the direction of 
the periglacial winds. Hégbom (1932) and Hie. 
ner (1938) in turn refuted Enquist’s main 
thesis, and K4dar (1938) in a detailed analysis 
of U-shaped dune development, reaffirmed Hig. 
bom’s general conclusions, although ‘lens 
in details of interpretation. 

Studies by American workers (Melton, 194), 
Hack, 1941) confirm the hypothesis that J. 
shaped dunes and related types are primary 
forms in some situations, and that continued 
presence of vegetation is essential for their 
development. The final stabilization of these 
dunes thus represents a shift in the balance 
between two factors present throughout the 
time of their growth, with vegetal growth 
gaining ascendency over wind action. It may 
be concluded that U-shaped dunes and the 
many variants of this form are built wholly 
by winds blowing from the open or concave 
side, do not necessarily imply antecedent dunes 
of other types, and are reliable indicator 
of the effective sand-moving winds of former 
dune-building times. 

“Longitudinal” dunes are another type found 
in the stabilized condition. Their elongation 
has been assumed to represent the alignment 
of former winds, although leaving the direction 
along this alignment to be deduced from other 
evidences. The interpretation of this type of 
dune, however, is not without its problems. 
There is, first, a problem of distinguishing 
between actual longitudinal dunes and ancient 
transverse dunes which have lost distinguishing 
characteristics by weathering and eluvial pr- 
cesses. Hégbom (1923, p. 213-216), for example, 
argued that the supposed longitudinal dunes 
of one Hungarian locality, although longite 
dinal with respect to present-day winds, were 
originally formed as transverse dunes when 
wind direction was approximately at right 
angles to that of today. The more detailed 
analysis of morphology now made possible by 
aerial photography (Madigan, 1936; Melton, 
1940; Hack, 1941) should aid greatly in making 
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distinctions of this type. Another problem is 
the extent to which longitudinal dunes are 
actually built by unidirectional winds. Hack 
(1941) accepts the hypothesis that they are, 
but Bagnold (1941, Chapter 15) and Madigan 
(1946) attribute considerable importance to 
divergent winds. In the present state of know- 
ledge, there is no reason for assuming that all 
dunes elongated parallel to wind direction were 
formed in the same way, or under the same con- 
ditions, and some caution in their interpretation 
seems to be in order. 

Tre barchans and transverse dunes of the 
desert type have not been described in the 
stabilized condition, and the probabilty of 
their original form being maintained during 
the usually gradual encroachment of vegeta- 
tion would seem to be small unless special 
conditions prevail. Neither these nor the other 
types of dunes not specifically discussed above 
are likely to enter into the problem of inter- 
preting former wind direction. 

The discussion thus far has been concerned 
mainly with dunes built by winds from one 
dominant direction, a condition realized or ap- 
proached in many dune fields. Less has been 
written about those dunes built up by winds 
from varying directions. Hégbom (1923, p. 
234), however, suggested that the asymmetry 
of certain European dunes, in ground plan, 
was probably due to a shift in wind direction 
while they were being built. The same point 
was discussed at greater length by Louis (1929) 
and K4dér (1938). A more general discussion of 
the role played by divergent winds in dune 
building has been presented by Aufrére (1931; 
1935) but has not yet been applied to the 
interpretation of dune history. 

The interpretation of wind direction from 
dune-sand bedding alone is not without diffi- 
culties but may be the only course open where 
original dune form has been obliterated or 
severely modified by subsequent eolian or 
other erosion. The one safe generalization is 
that high-angle bedding is leeward. Where 
the dip is close to 30°, there is no question 
as to its significance. Where the only observ- 
able dips are considerably less than 30°, how- 
ever, their meaning is less certain. I have 
observed dips lower than 15°,on the leeward 
sides of small, dissected dunes. This probably 
occurs only on dunes of limited height, but 








the limit undoubtedly varies with local con- 
ditions and remains to be ascertained. The 
dividing line between high-angle and low-angle 
dips, in terms of their significance as indicators 
of windward and leeward bedding, likewise 
is not yet established. In any attempt to 
interpret dune bedding, it is important that 
true dip be distinguished from apparent dip, 
and that enough readings be made to give a 
representative picture for the dune as a whole. 
The disposition of dunes with respect to 
source areas for sand is generally less definitive 
as an indicator of wind direction. Keilhack 
(1918), however, used it as one argument 
against Solger’s hypothesis, and it may serve 
elsewhere to supplement other types of evi- 
dence or to provide some basis for interpretation 
where other evidences are lacking. Only where 
sand movement can be traced directly from 
a source area that is comparatively narrow 
in a cross-wind direction to the dune or dunes 
in question is a very definite figure obtainable. 
Where the source area is elongated in a cross- 
wind direction, as along many beaches, there 
may be a range of nearly 180° for possible wind 
direction. And where sand is blown from a vege- 
tation-free area, such as a beach, to a vegeta- 
tion-covered area, the process is to a certain de- 
gree irreversible, owing to the protective effect 
of the vegetation; the winds recorded by the 
sand accumulation may or may not be repre- 
sentative of the prevailing wind system. 
Wherever wind direction is interpreted from 
dunes, it may be emphasized that it is the 
direction of the effective, sand-moving winds 
that is indicated, and that these may or may 
not correspond to the more persistent prevail- 
ing winds. The effectiveness of the wind de- 
pends both on ground conditions and on wind 
velocity. If velocity is the same, maximum 
effect is produced when the ground is dry 
and when vegetation affords least protection. 
Effectiveness is thus relative and varies with 
the seasons. And until wind velocity passes a 
certain critical value, there is no sand move- 
ment; beyond that value, the rate of sand 
movement “varies as the cube of the excess 
of wind velocity over and above the constant 
threshold value” (Bagnold, 1941, p. 69). Power- 
ful storm winds of short duration thus may be 
far more effective than moderate winds of 
long duration; where the two do not coincide 
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in direction, the latter are not necessarily 
recorded in the dunes. 

Dunes as indicators of former aridity.—The 
interpretation of former climatic environment 
from stabilized dunes is subject to certain limi- 
tations. What is indicated directly by ancient 
dunes is simply an available supply of reason- 
ably dry sand exposed to winds of sufficient 
strength and persistence to move it in quantity. 
Weakening of the vegetal cover on sandy de- 
posits by climatic desiccation is one important 
way in which a supply of sand can be made 
available. Other ways, however, include: (1) 
emergence of sandy sea floors by lowering of 
sea level; (2) production of barren areas by 
glacial recession more rapid than revegetation; 
(3) wave action on lake shores since abandoned; 
(4) stream action in sandy channels no longer 
occupied, or no longer characterized by a 
regimen such as to expose dry sandy flats 
during a part of the year; (5) soil desiccation 
due to lowering of water table by stream 
incision; and, (6) accidental destruction of 
vegetal cover by forest fires, prairie fires, etc. 
The first two factors have obvious geographic 
limits; within these limits, dunes of themselves 
do not necessarily indicate aridity. Where dune 
fields are of more than local extent, and do not 
correlate closely with any reasonably infer- 
rable shore lines or stream channels of former 
times, or with modern streams that might 
once have flowed at a different level or had a 
different regimen owing to the influence of 
glaciation in their headwaters or other causes, 
the likelihood of factors (3-5) may be dis- 
missed. Purely accidental factors such as fires 
probably would not result in dunes of very 
large size or extent. Thus, when detailed studies 
of particular areas rule out other possibilities, 
it may be concluded that stabilized dunes 
record the effects of a former interval of 
greater aridity in weakening the general vegetal 
cover. Where marshy ground or peat is asso- 
ciated with dunes (Solger, 1912; Keilhack, 
1918), and particularly where it lies on the 
windward side (Hégbom, 1923, p. 207), addi- 
tional evidence of climatic change is provided, 
unless a rise in water table can be attributed 
to other causes (Korn, 1919; Hégbom, 1923, 
p. 196). 

The degree of aridity indicated by ancient 
dunes is another question. Solger (1912) and 
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Enquist (1932), on the basis of differing byt 
equally unwarranted assumptions as to Original 
dune form, implied that the dunes of nosh 
Germany originated under desert condition, 
Keilhack (1918) inferred a dry climate ang, 
lack of vegetation. Hégbom (1923, p, 239), 
after a consideration both of dune form ag 
of other evidence, concluded only that th 
dunes south of the Baltic indicate a forme 
dry interval. It is now certain that the U. 
type of dune and its related forms develop 
only in the presence of some vegetation, and 
never in truly desert conditions. The Possibility 
that the building of U-shaped dunes gogij 
have been preceded immediately by other types 
of dunes more representative of desert condi 
tions, however, cannot be entirely dismissed 
Conceivably such a generation of dunes could 
have been almost completely reworked inty 
forms of a different type by the interaction 
of vegetation as aridity decreased. Obviously 
it would be unsound to postulate such a ¢ 
quence of events without specific evideng, 
Dunes as indicators of successive climatic flu 
tuations—Where dune history has been com 
plicated by more than one swing of the climatic 
pendulum, the evidence may be recorded either 
in the morphology or in the internal structure 
of the dunes. The effects of recurrent episodes 
of eolian activity on morphology may be am- 
lyzed in terms of an ideal cycle of development 
(Smith, 1940a), comprising eolian and eluval 
phases. In the eolian phase, wind action é 
dominant, and dune forms are built up. St 
bilization by vegetation introduces the eluvil 
phase, during which dune forms are gradually 
blurred and worn down by weathering aml 
slope processes, through stages of youth, matur 
ity, and old age, ending with obliteration d 
initial dune forms. The eluvial phase may k 
interrupted at any stage by renewal of winl 
attack, producing distinctive secondary fom 
of the “blowout” type; the resulting secont 
cycle eolian phase may in turn give way® 
stabilization and eluvial action. This sequent 
of events may be repeated many times, with 
many variations. The morphologic indicati¢ 
for such alternations, however, can be pi 
in the same dune or dunes only when the inter 
vals of eolian activity are successively short 
or less severe, else the earlier forms woul 
be obliterated. There is reason for believi 








derian) < 
1936) an 
matic suc 
described 
by Judsc 
have bee 
Kansas ( 

(2) Di 
contrast 


* other cha 


used as a 
and Albr 
by the - 
Kansas ( 

(3) In 





a 
= 


Sab ee SREB 


RELA RF ESE 


Pas 


ERE GE HEB 


RES Fo 


Pa oe 


BEE 


EFFECTS OF PLEISTOCENE CLIMATIC CHANGES 


neveretheless, that a given episode of wind 
action, especially if minor, does not necessarily 
afect all parts of a dune area equally—that 
some sections may be modified less than others. 
or even remain undisturbed. 

The morphology of dunes is best studied 
with the aid of aerial photographs. In this 
yay, the modification or transection of earlier 
dune forms by later blowout forms may be 
recognized, differences in degree of eluvial de- 
velopment may be distinguished, and succes- 
sive phases of eolian activity differentiated. 
Where the dune topography is not too com- 
plex, and where the evidence from all parts 
of a sizable area fits into an orderly pattern, a 
sequence of past fluctuations in degree of aridity 
may be inferred (Melton, 1940; Smith, 1940a; 
Hack, 1941). 

The evidence provided by the internal fea- 
tures of dunes supplements the evidence of 
morphology and may record phases of dune 
history that antedate the existing topographic 
forms. Studies of the internal features are best 
made in natural or artificial cuts through the 
ancient dune sands, but auger borings may be 
useful if actual cuts are lacing. Alternations 
between sand movement and other processes 
may be revealed by one or more of the follow- 


ing: 

(1) Buried soil zones. Sayles’ work in Ber- 
muda (1931) represents a particularly effective 
application of this criterion, favored by the 
calcareous nature of the eolian sands. A suc- 
cession of “fossil” dune-sand deposits and soils, 
believed to represent the greater part of the 
Pleistocene, was worked out. In Poland, buried 
humus layers associated with Mesolithic (Swi- 
derian) artifacts have been studied (Clark, 
1936) and correlated with the postglacial cli- 
matic succession. Buried soil horizons have been 
described also by Hack (1943) from Wyoming, 
by Judson (1946) from the Aleutians, and 
have been observed by the writer in central 
Kansas (Smith, 1938). 

(2) Disconformities separating sands that 
contrast in color, degree of induration, or 


* other characteristics. These relations have been 


used as a basis for interpretation by Huffington 
and Albritton (1941) and have been studied 
by the writer in central and southwestern 
Kansas (Smith, 1938; 1940a). 

(3) Interbedding of dune sand with peat, 
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lacustrine sediments, or other deposits such 
as might have been laid down in interdune 
depressions or on surfaces immediately adja- 
cent to dunes, during intervals of stabilization. 

Dating of ancient dunes.—Where dune studies 
point definitely to one or more climatic changes, 
dating is the final step in interpretation. Unless 
the dune chronology can be correlated, at one 
or more points in time, with the standard 
Pleistocene chronology, it is left dangling in 
time and is of uncertain historical significance. 
Direct evidence of age may be provided by 
one or more of the following: 

(1) Relation to glacial deposits or to stream 
terraces, lake stages, or sea-level changes which 
can be correlated with the standard chronol- 
ogy. This type of evidence, where, available, 
is particularly useful in determining a lower 
limit for age. Examples are given by Hégbom 
(1923). 

(2) Relation to peat bogs or other. deposits 
dated by pollen analysis. This method of ap- 
proach is discussed by Wildvang (1935) and 
Dewers (1935). 

(3) Presence of datable fossils in the dune 
sand or in associated sedimentary deposits 
(Evans and Meade, 1945). 

(4) Presence of datable artifacts. Although 
Hégbom attached considerable importance to 
the presence of artifacts in European dunes 
(1923, p. 202), subsequent archeological studies 
have led to the conclusion that artifacts are 
of very limited value as “guide fossils’”’ in the 
Old World.? In North America, the archeologi- 
cal record does not extend as far backs as in 
Europe, and has been less intensively studied. 
At present, strictly geologic critera appear 
more significant than artifacts for dating dunes. 
(Cf. Hack, 1943.) The presence of Folsom or 
Yuma cultural material, however, does seem 
to point to some degree of antiquity, and with 
further progress in correlating artifacts with 
geologic chronology the value of the artifacts 
as indicators of age may increase. 

Where the above direct evidences as to age 
are not found, to the following may furnish 
indirect and less definite evidence: 

(1) Weathering and soil profile development. 
Both Solger (1912) and Keilhack (1918) used 


2H. L. Movius, Jr., personal communication; 
see also paper by Movius in this series. 
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this criterion in postulating a considerable 
degree of antiquity for the German inland 
dunes. Differences in degree of weathering and 
soil development were also used by Keilhack 
(1914) in distinguishing dunes of different ages, 
and were elaborated upon by Dechend (1937). 
In this country, Sellards et al. (1923) employed 
a similar approach in dealing with compara- 
tively recent dunes. Unless comparisons can 
be made with weathering on other types of 
sandy deposits of similar composition, under 
similar climatic conditions, that are datable 
by other methods, only the most general in- 
ferences as to age can be drawn from weath- 
ering phenomena. 

(2) Stage of morphologic development. Stage 
of development in the eluvial phase of the 
dune cycle offers a possible basis for estimating 
age. A basis for comparison must first be ob- 
tained, however, from studies on the morphol- 
ogy of dunes of different ages that have been 
more definitely dated by other criteria. 

These two indirect methods of approach are 
complementary and, of course, are best used 
in conjunction. Their future value will depend 
on the discovery and study of critical localities 
where they may be correlated with direct 
evidences of age. 

Regional studies —Hégbom’s monograph of 
1923 remains the most comprehensive study 
of European dunes. His main conclusions were 
as follows: (1) Fennoscandian dunes are dated 
as latest glacial (Finiglacial) by relations to 
fluvioglacial deposits and to sea levels, and 
were formed by periglacial winds blowing out- 
ward from the ice; (2) there is no evidence that 
periglacial winds played any part in developing 
the dune forms observed in Germany and 
Poland, although the possibility of earlier sand 
drifting by such winds is admitted; (3) the 
dunes are unrelated to the loess deposits of 
central Europe and are believed to be younger; 
(4) the orientation of the German dunes is 
somewhat divergent from that which would 
be expected of dunes built by the wind system 
now prevailing; (4) archaeological evidence in- 
dicates that the dunes of Germany and Poland 
are not younger than Neolithic, and climato- 
logical deduction suggests a Finiglacial' or early 
postglacial age; (6) the dunes south of the 
Baltic indicate a former drier interval. 

In North America, dune studies have been 
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fewer and more widely separated than » 
Europe. In the Great Lakes region, 
(1928), Stevenson (1931), Bergquist (1996, 
Scott and Dow (1937), and Dow (1938) hay 
contributed to the historical geology of th 
shore dunes, particularly to their relation ty 
lake stages. The writer’s studies in the sam 
area (1940b) indicate further that the ancey 
dunes were formed by winds similar in directig 
to those now active, and were not “periglacial* 
A dune area near Minneapolis was describe 
by Cooper in 1935, and compared with du» 
areas in Europe. The dunes are of bow-shaped 
and related forms and indicate southwesterly 
winds. They were dated as postglacial and wer 
believed to have resulted from soil desiccation 
due to lowering of the water table by dow. 
cutting of streams. The possibility of a forme 
interval of drier climate is admitted, but only 
as a contributing factor. The argument her, 
however, is open to question. Cooper admits 
that there is evidence of an appreciable laps 
of time between downcutting and the beginning 
of sand drift, which would be difficult to 
plain if stream incision alone was the effective 
cause. Furthermore, it is not clear why the dux 
areas should have become stabilized unles 
the climate later became less favorable for 
wind action, other conditions remaining th 
same. The reader may prefer to consider th 
dunes themselves as evidence of a forme 
drier interval, with stream incision only asa 
contributing factor. Cooper himself could not 
entirely dismiss the climatic factor, and stated 
(p. 104), “Assuming that climate was a a» 
tributing cause, it is natural to assign the proc 
ess to a dry period in postglacial time, and 
if there were two of these, to the earlier one.” 
In southern High Plains, Melton (19M) 
distinguished three series of dunes, on the bass 
of comparative morphology. Series I compriss 
all active and recently active dunes, dominantly 
secondary form. Series II comprises somewhat 
older stabilized dunes including primary forms, 
and indicating a wind direction only slightly 
different from that of the present. Series Ill 
is the oldest, comprises primary U-shaped dune 
of distinctive form, and is unique in indicating 
a wind direction nearly transverse to that 
corded in the younger series. Dunes of Sens 
II are correlated with eolian deposits bordering 
the highest stand of lake Estancia, believed 
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by Antevs to date back about 15,000 years. 
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ably will not be clear until more is learned of 
their broader regional setting. 

Other studies in the southern High Plains 
have been made by Huffington and Albritton 
(1941), Hefley and Sidwell (1945), and Evans 
and Meade (1945). Evans and Meade report 
dune sands ranging probably from early to late 
Pleistocene time. 

In the central High Plains, dune topography 
js more complex than in regions to the north 
and to the south, and the sequence of events is 
less clearly recorded. My studies indicate, how- 
ever, that several generations of dunes are 
present, and that the major dune areas, totaling 
hundreds of square miles, are predominantly 
stabilized, could not have formed under present 
dimatic conditions, and must have originated 
during one or more past intervals of greater 
aridity (Smith, 1940a). No direct evidence as to 
the age of the stabilized dunes has yet been 
found. 

In the Navajo country in northeastern Ari- 
wna, Hack (1941) has described an extensive 
dune field containing longitudinal, transverse, 
and “parabolic” forms. He found the relation 
of active to stabilized dunes indicative of a for- 
mer drier or windier interval separated from 
the present by a less arid interval. The former 
episode of dune building was correlated with 
valley-fill deposits and tentatively assigned to 
the postglacial “climatic optimum”’, or warmth 
maximum. 

Problems.—At present, the general principles 
of dune formation are fairly well understood, 
and their application to the interpretation of 
late Pleistocene history has been demonstrated 
in Europe. The problems awaiting further in- 
vestigation fall into three main classes. 

(1) More detailed study of the morphology 
and origin of dunes. Although the main types 
of dunes are now known, many of the varieties 
temain to be more carefully distinguished, more 
clearly defined, and more closely correlated with 
conditions of genesis. The “longitudinal” type 
of dune in particular needs further study and 
probably will be found to include forms which 
are morphologically distinct and genetically 
diverse. Studies directed toward these ends need 
to be carried out in areas where dunes are now 
being built, so that the relations of form to 
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vegetation, sand supply, wind velocity and 
direction, and other factors can be observed. 
Detailed meteorologic observations are particu- 
larly needful. Is wind velocity an important 
factor in determining dune form, as postulated 
by Melton (1940) and others? How important 
are alternating winds of different velocities from 
different directions in the development of cer- 
tain longitudinal dunes? These and related 
questions cannot be answered from the general- 
ized data available from U.S. Weather Bureau 
publications, in which winds of different veloci- 
ties are lumped together. 

(2) More definite formulation of the criterion 
value of features in stabilized dunes, for the 
interpretation of age and past climatic changes. 
Studies of the type mentioned in the preceding 
paragraph will, of course, contribute here, but 
additional studies on the significance of dune- 
sand bedding, and on soil development on dated 
dunes of different ages, under different environ- 
mental conditions, are desirable. Collaboration 
between geologists and soil scientists should be 
most helpful. 

(3) Application of established principles and 
methods to regional studies. Extensive dune 
areas in North America, particularly in the 
Great Plains, have not yet been described. In- 
vestigations on form and orientation of dunes 
in these areas, and of their relation to loess, 
alluvial terraces, and other types of deposits, 
should contribute substantially to our knowl- 
edge of late Pleistocene history in the regions 
concerned, and should help provide a basis for 
the reconstruction of past wind systems and 
other climatic conditions. Here also collabora- 
tion between geology and soil science should be 
fruitful. 


Disseminated Eolian Sand 


A novel method of approach to the study of 
periglacial wind action was described by Cail- 
leux in 1942, and reviewed at length by Wright 
in 1946. This method is based on eolian sands 
which are not concentrated in dune form, but 
occur disseminated in other types of deposits. 
The percentages of eolian sand grains (as in- 
dicated by frosting) in the coarse sand fractions 
from some 3000 samples of European Pleisto- 
cene sediments were determined, plotted, and 
contoured. Percentage of frosted grains was 
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used as a criterion of the intensity of wind 
action, and on this basis the zone of periglacial 
wind action was outlined and its implications 
analyzed. 


Ventifacts 


Ventifacts, or sand-blasted stones (Bryan, 
1931), are significant in the study of Pleistocene 
geology where they are buried in superficial 
deposits, and where they occur at the surface 
in areas no longer characterized by sand blast. 
ing. They are suggestive as to the former inten- 
sity of wind action, and the former prevalence 
of environmental conditions suitable therefor, 
but ordinarily give no indication of wind direc- 
tion. 

The association of ventifacts with areas bor- 
dering the present-day glacier of Greenland was 
described by Hobbs (1931) and Flint (1948). 
Analogous conditions have been inferred from 
the occurrence of “fossil’”’ ventifacts in continen- 
tal glacial depostis, as recorded by Cailleux 
(1942) in Europe, and by Powers (1936), Thies- 
meyer and Digman (1942), Mather et al. (1942), 
and Thiesmeyer (1942), in the United States. 
The occurrence of ventifacts on the Iowan 
drift also has been discussed by Leverett (1942). 
In areas near former valley glaciers, ancient 
ventifacts have been described by Blackwelder 
(1929), Powers (1936), and Bryan and Ray 
(1940, p. 22, 26, 30). The evidence of ventifacts, 
together with that of the disseminated eolian 
sands analyzed by Cailleux (1942), point to the 
existence of conditions favorable for vigorous 
wind action in former periglacial zones. Only 
where the sand blasting is found on bedrock 
ledges, however, or on boulders of such size and 
position as to have escaped movement, is evi- 
dence of past wind direction provided. 

The occurrence of ventifacts scattered 
through surficial soil materials has been noted 
by Bastin and Cailleux (1941) in France, and 
by Bryan (1932), Denny (1936), and Mather 
and others (1942) in this country. This relation- 
ship is regarded as indicative of soil churning 
by intensified frost action under periglacial 
conditions. 

Weathered ventifacts and wind-eroded sur- 
faces above ground in areas remote from former 
glaciers have been described by Denny (1941) 
and by Bryan and Albritton (1942). Such oc- 
currences point to past climatic conditions more 
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favorable for wind erosion than those of 
present, and supplement other types of evideng 
relating to such conditions. 

The problems relating to ventifacts are ns 
marily those of distribution, both areal aj 
stratigraphic, and of interpretation in terms¢ 
local historical significance. 


Deflation Basins 


The part played by the wind in excavating 
shallow basins has been discussed by Gilbey 
(1895), Berkey and Morris (1927), Blackwelde 


(1931), and many others. More recently, Bvayit ,; 
and Meade (1945) have argued that deflatin ®t ; 
was a major factor in the development of nyp 
erous inclosed basins in the High Plains segtigg 
of Texas. These basins are of particular signif 
cance for their record of Pleistocene event 
Deepening of the basins was interpreted as; 
result of deflation during recurrent times ¢ 
greater aridity, while lateral expansion wy 
effected by wave erosion, gulleying, and othe 
processes during intervening times of greate 
humidity. Sediments deposited when the basis 
contained lakes provide a partial record ¢ 
events dating back to early Pleistocene time, 


Loess 


The present status of studies on loess has ben 
reviewed in ample detail by Zeuner (1945) wih 
reference to European areas, and by Flint (19#, 
p. 175-187, 465-467) on a world-wide bass 
Here it is desirable only to note certain of tk 
problems: 

(1) Distinction between true eolian loess ani 
other loesslike deposits. This problem is sy 
gested by Russell’s challenge (1944) to th 
hypothesis of eolian deposition of loess in tk 
lower Mississippi Valley. Russell invoked ® 
stead a process termed “‘loessification,” 
volving derivation by weathering of part 
material (clayey deposits on Pleistocene tg i 
races), and sorting through downslope cep. 
The application of this hypothesis to ether 
gions was implied. Criticism of these conclusit 
was quick to follow. Both Holmes (1944) 
Thwaites (1944) pointed out flaws in the an 
ment, and the latter argued specifically agai 
extension of Russell’s hypothesis to loess int 
upper Mississippi Valley. More could be si 
particularly in regard to Russell’s failure} 
consider petrographic data relevant to the oti 
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of the loess. However, a need for more critical 
observation on loesslike deposits, and for more 
careful distinction between loess deposited di- 
rectly from the atmosphere, and that reworked 
by creep OF running water does seem to be 


(2) Distribution of the loess. In the upper 
Mississippi Valley, the areal distribution of the 
Joess is well known. Variations in the thickness 
of the loess, however, have been mapped in 
only one State, Illinois (Smith, 1942). Smith’s 
study is of particular interest for its quantita- 
tive approach and provides a model for studies 
in other areas. Texture and thickness of the 
loess were found to vary directly with distance 
from the river bluffs, and carbonate content was 
found to decrease as the loess thins. 

In the Great Plains, studies on loess are less 
advanced than in the upper Mississippi Valley. 
The area extent of the loess has not yet been 
mapped with any degree of completeness, and 
the age of the loess is yet to be established at 
many places. A beginning has been made, how- 
ever, in Nebraska and Kansas. Condra, Reed, 
and Gordon (1947) have summarized conclu- 
sins on the Nebraska loess, although the 
detailed data on which these conclusions rest 
have not yet been published. Correlations be- 
tween Kansas and Nebraska have been postu- 
lated by Frye and Fent (1947). Much remains 
to be done in extending such studies southward 
and westward. 

In other parts of North America, with the 
exception of the Pacific Northwest in the United 
States, still less is known about the distribution 
of loess. 

(3) Source areas for particular loess deposits. 
For many areas, the relative importance of the 
following types of source areas remains to be 
determined: (a) glacial outwash; (b) bare 
ground due to the effect of periglacial climate 
in depleting vegetation, or to deglaciation more 
rapid than revegetation; (c) desert areas, in 
general; and (d) dune fields. Studies in thickness 
variations and textural gradations of the loess, 
asnoted under (2) above, will contribute to the 
solution of this type of problem. 


Volcanic Ash 


Volcanic ash is mentioned here in the interest 
of completeness. It is important mainly as a 
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horizon marker in aiding the correlation of other 
types of Pleistocene deposits. It has no climatic 
significance except to indicate, by its distribu- 
tion with respect to particular eruptive centers, 
the direction of the winds blowing at the im- 
mediate time of eruption. 

The extensive distribution of individual ash 
falls is well known from historic eruptions, such 
as that of Tambora, in 1815, and of Katmai, 
in 1912. Ancient ash falls having a correspond- 
ingly wide distribution have played a part in 
the interpretation of the North Atlantic deép- 
sea cores (Bradley e¢ al., 1942) and of the Pleis- 
tocene sequence in the Great Plains. In the 
latter area, the stratigraphic significance of a 
Pleistocene volcanic ash horizon was studied on 
a regional basis by Leonard (1947) and Frye 
(Frye et al., 1948). 


Frost ACTION AND RELATED PHENOMENA 
Introduction 


Features produced by intense frost action and 
related effects are significant in the interpreta- 
tion of Pleistocene history where they occur as 
“fossil” forms, in places no longer having the 
type of climatic environment required to pro- 
duce them. In such situations, they provide 
evidence of past climatic conditions character- 
ized by temperatures lower than at present, 
with differences in the amount and seasonal 
distribution of precipitation as a possible ad- 
ditional factor. Recognition of the phenomena 
in question rests on a critical discrimination 
between both landforms and superficial de- 
posits, which are now actively in process of 
formation, and those which are now inactive, 
and subject to processes of modification and 
decay. Other conditions remaining the same, 
the latter features indicate changes in process 
related to changes in climate. Comparison of 
those features with corresponding ones now 
being formed in colder regions provides a basis 
for interpreting the type of climate involved. 
Studies in this field have been in progress more 
than half a century and have given rise to the 
concept of a “periglacial” zone of indefinite 
width, marginal to continental ice sheets, and 
characterized by various types of intensified 
frost phenomena, as well as by the eolian effects 
discussed in the preceding section of this report. 
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The writer here reviews the historical develop- 
ment of studies on frost phenomena, discusses 
briefly each of the principal types of features 
significant for the interpretation of former 
climatic conditions, considers the progress made 
in regional studies, and notes the more impor- 
tant problems remaining. 


Historical Review 


European work.—The present status of stud- 
ies on frost phenomena is best viewed in the 
light of its historical development. The early 
history had its setting in England.* First was 
the recognition, more than a century ago, of 
anomalous deposits of heterogeneous, unsorted, 
nonstratified materials of local derivation, vari- 
ously referred to as “Head,” “Warp,” “Coombe 
Rock,”’, “Rubble Drift,” etc. This material was 
found to be widespread in nonglaciated areas, 
and gradually various workers realized that it 
is unrelated to any processes of transportation 
now observable in those areas. The idea of ac- 
cumulation under conditions different from 
those of the present naturally followed, and 
these conditions were pictured as involving one 
or more manifestations of lowered tempera- 
ture—frozen ground, frost action, and effects of 
a thicker and more persistent snow cover. 
Although one writer appealed to uplift of the 
land to account for the cold, the climatic con- 
ditions associated with glaciation of near-by 
areas came to be generally accepted as the 
effective factor. By 1894, sufficient work had 
been done to permit a regional summary by 
Geikie, who reaffirmed the glacial dating of the 
rubble deposits and analyzed the probable con- 
ditions under which they were formed. 

In 1896, Blanckenhorn reviewed the English 
work and pointed out applications to German 
areas. He showed that certain supposed mo- 
rainal deposits were better explained as formed 
in the same way as the British “warp” and 
better classed as “pseudomoraine.” 

The next important contribution (Andersson, 
1906) formulated the concept of solifluction; on 
the basis of observations in the Arctic, Anders- 


*An excellent review of the development of 
British thought on this subject has been presented 


by Dines and others (1940). 
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son applied the concept to the interpreta 
of the “stone rivers” of the Falkland 

He concluded that these features were * 
products of solifluction, formed under a for 
“subglacial” climate. He also briefly surye 
both modern and ancient occurrences of sqlj 
tion in other parts of the world. 

In 1909, Lozinski introduced the term “pe: 
glacial” as more appropriate than “subglacial 
but failed to define the term explicitly. In joy 
Lozinski discussed periglacial phenomeng y 
greater length. He emphasized the import 
of frost weathering under periglacial qj 
conditions for the production of various big 
accumulations, but differed from Andersson; 
giving scant consideration to movement of thy 
weathered material. 

In 1910, the International Geological Gp 
gress excursion to Spitsbergen gave many Eun 
pean geologists their first opportunity to d 
serve arctic frost phenomena, and provided; 
stimulus for the study of comparable phenom 
ena, in Europe. 

Hiégbom’s monographic treatment of frost 
action (1914) marked a milestone in the progres 
of studies on these phenomena and remains; 
standard reference in this field. In Héghom) 
work, based largely on his observations 
Spitsbergen, the occurrence and significanced 
perennially frozen ground was discussed, anda 
wide range of frost-induced phenomena wa 
described and analyzed in detail. A region! 
summary of the occurrences of both modm 
and “fossil” flow-earth phenomena was it 
cluded. 

In the years ensuing studies by Salam 


(1917), Meyer-Harrassowitz (1918), and othen§ ; 


led to widespread recognition of periglacl 
frost phenomena in northern Europe. In 195, 
Kessler presented a comprehensive summaryd 
work on periglacial phenomena up to that tim 
This work may be regarded as a second mit 





investigations. Thereafter, the literature 
came voluminous, a wide range of phen¢ 
was recognized as periglacial, and the a 
occurrence of these phenomena was outli 
Although the periglacial concept came i 
wide acceptance (Woldstedt, 1929), skepti 
on some points was voiced by a few geole 
of whom W. Penck (1924) was perhaps the 
influential. Penck questioned whether the bios 


stone in the progress of these studies, anda 
doubtedly provided a strong stimulus to furthe§ yop A 


Muller (16 
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fields, generally attributed to periglacial proc- 
esses, are NOW stabilized, as supposed, and 
whether frost weathering was particularly es- 
gntial to their formation. He cited examples 
of blocky accumulations in regions where effec- 
tive frost action could not reasonably be in- 
ferred, even during glacial stages. He concluded 
that lithology rather than climate is the impor- 
i tant factor. Schott (1931) reached similar con- 
qusions from studies in the German uplands. 
RE piidel (1937) critically evaluated the conflicting 
iF viewpoints, on the basis of studies in the Erzge- 
iF binge and Riesengebirge of Germany. He found 
iS , widespread mantle of rubble which, in con- 
GS trast to former vigorous movement, was shown 
2B to be completely immobile at present, within 
certain limits of slope; moreover, decisive proof 
that stabilization had continued throughout 
ial time was adduced. Present-day ac- 
tivity of rubble was found only on a minor scale, 
in places particularly favorable due to steep 
slopes or high elevation. The sweeping generali- 
zations of Penck and Schott were thus refuted. 
In the meantime, other workers discovered 
positive evidence of the former existence of 
perennially frozen ground in the periglacial 
belt, and so confirmed deductions from mass- 
movement phenomena as to the severity of the 
periglacial climate. 

Subsequent to Biidel’s work, the various as- 
pects of frost action, both modern and ancient, 
have been elaborated upon by many European 
workers. Of particular interest was Troll’s 
(1944) world-wide survey of modern frost phe- 
nomena, including a climatic classification of 
the typical surface forms involved. Other papers 
will be referred to under appropriate headings 
in the following pages. 

Russian studies on frost phenomena have 
been concerned mainly with regions of peren- 
nially frozen subsoil. Some of the earlier litera- 
ture was summarized by Leffingwell (1919), and 
mie}, more general summary was provided by 
d WF Muller (1945). 
ati North American studies—In North America, 
© ® Bprogress in the study of frost phenomena, both 
yodem and periglacial, lagged far behind that 
in Europe. As early as 1881, however, Kerr 

isualized the far-reaching effects of climatic 
fhanges associated with glacial stages and pos- 
ated that the character and disposition of 
pertain superficial deposits in the southern 
ptates were a product of frost action during the 
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ice age. T. C. Chamberlin later (1897) re- 
marked, “It must be remembered that as a 
result of the excessive superficial thawing and 
freezing incident to glacial-border conditions, 
the facilities for landslides, bodily creeps, and 
similar modes of movement reached an extra- 
ordinary degree of development.” Neither of 
these ideas, however, was productive of further 
investigation. 

In 1900, Matthes introduced the concept of 
nivation and showed its importance as a geologic 
process under alpine conditions. Subsequent 
American studies for some 30 years were con- 
fined to arctic and subarctic regions. The work 
of Leffingwell (1915; 1919) on ground-ice wedges 
and associated phenomena was noteworthy and 
has been widely quoted. Important contribu- 
tions on solifluction and related phenomena 
were made also by Eakin (1916), Ekblaw 
(1918), and Capps (1919). 

In 1928, Bryan introduced Kessler’s (1925) 
work to American geologists, thus directing 
attention to the problems of periglacial phe- 
nomena, and preparing the way for study of 
these phenomena in the United States. Soon 
thereafter, Taber (1929; 1930) presented exper- 
imental studies of fundamental importance for 
the understanding of frost phenomena. In sub- 
sequent years, periglacial phenomena were de- 
scribed from various localities in the United 
States by Eakin (1932), Antevs (1932), Bryan 
(1932), Denny (1936; 1938), Smith (1936; 1941; 
Smith and Smith, 1945), Bryan and Ray (1940), 
Eargle (1940; see also Bryan, 1940), Sharp 
(1942a), and Peltier (1945). Modern frost phe- 
nomena also, mainly in mountainous areas, were 
described by Antevs (1932), Russell (1933), 
Behre (1933; see also Bryan, 1934), Nichols and 
Nichols (1936), Denny (1940), Sharp (1942b), 
Rozanski (1943), and Butler and Ray (1946). 

In Arctic regions, studies of modern frost 
action have been made by Bretz (1935), Sharp 
(1942c), Taber (1943), Washburn (1947), and 
Flint (1948). An extensive research program is 
now being carried on in the U. S. Geological 
Survey, but only one of the resulting studies 
has yet been published (Wallace, 1948). 


Types of Features Interpreted as Periglacial 


General statement.—Intense frost action in- 
volves: (1) accelerated mechanical weathering; 
(2) growth of ground ice; (3) volume changes 
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in surficial deposits; (4) differential, nonprogres- 
sive movement of soil materials, leading to rude 
sorting under certain conditions; and (5) mass 
movement of detritus on slopes. These effects 
are combined in various ways to produce dis- 
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the ice wedges formed by passive filling of fy 
cracks with ice and grew by successive additi 
of ice as the cracks were reopened seas 
through successive years. Taber, however, 
cluded that the growth of the ice mass j 








Ficure 2.—DIAGRAM SHOWING LOAM-FILLED Casts 
OF ANCIENT GROUND-ICE WEDGES IN TRIASSIC 
ARGILLACEOUS BEps Sours oF G6TTINGEN, GER- 
MANY 
Drawn from photo by Lotze (1932, p. 72). 

vertical scale approximate. 


tinctive landforms and surficial deposits unlike 
those developed by other geologic processes. 
Where these features are of such composition 
and/or localization as to escape destruction by 
weathering and erosion, they may persist for 
long intervals of time, and bear witness of the 
past climatic conditions which governed their 
formation. The principal types of features in- 
terpreted to have this indicator value are briefly 
discussed below. No very detailed descriptions 
or explanations of the various features are pur- 
posed, but reference is made to other papers in 
which these matters are covered at greater 
length. The order of listing is roughly that of 
relative interest, as based on both criterion 
value and frequency of occurrence. 

Ground-ice wedges.—Wedge-shaped segrega- 
tions of ground ice have been described from 
arctic regions by Leffingweil (1915; 1919), and 
Taber (1943). Frost cracks without visible ice 
have been noted also by Paterson (1940) and 
Washburn (1947), and the geographic distribu- 
tion of the latter has been summarized by Troll 
(1944). The ice wedges range up to about § feet 
in width and have been observed to depths of 
30 feet, which is believed to be only a minimum 
figure for their actual depth. The ground surface 
associated with ice wedges and frost cracks is 
commonly marked by distinctive rectangular or 
polygonal patterns, with unit cells several tens 
of feet in diameter. According to Leffingwell, 








Ficure 3.—Isometric Brock Dracram Sao 
NETWORK PATTERN OF LOESS-FILLED Casts 
aoe GROUND-ICE WEDGES IN J} 

EDS 


On grade of Géttingen-Kassel way, in G 
many; after Selzer (1986, p. 282). noone 5 


exerted an expansive force. Both hypothe 
require preservation of the ice during the seas! 
of thawing, a requirement met only in regi 
of perennially frozen ground. 

“Fossil ground-ice wedges,’ or cracks filled 
with clastic materials (Fig. 2), have been 
scribed from European areas by Kessler (192 
p. 101-105), Lotze (1932), Soergel (1932; 1939 
Selzer (1936), Paterson (1940), Bastin ai 
Cailleux (1941), Weinberger (1944), and othen, 
and from Alaska by Taber (1943, p. 1493, PL if, 
These features are found in sand and graves 
well as in finer-grained materials. At somep 
polygonal ground plan is revealed (Fig. 3). Te 
filling may consist in part of material slu 
from the sides, but commonly includes some 
material, such as loess. A special case of ¢ 
sand as the filling material was reported 
Bastin and Cailleux (1941), thus bringing 
gether the evidences for two different type 
periglacial phenomena. In many oc 
the bedding in the sediment adjoinging 
crack is more or less distorted along the 
of the crack. 

The only type of crack which might po 
be confused with these structures is that 


‘Variously referred to as “frostrisse,” 
spalten,” ‘“diluviale eiskeile,” “lésskeile,” 
“lehmkeile.” 














jyced by desiccation, which in rare instances 
aches depths of 10 feet or more (Shrock, 1948, 
», 195, Fig. 159). Soergel first interpreted the 
ied cracks in Germany as a result of desicca- 
‘on, but later (1932) rejected that explanation 
. favor of ground-ice origin. Desiccation cracks 
Siffer from ice-wedge fissures in being restricted 
0 argillaceous sediments, in being narrow in 
soportion to depth, in the absence of marginal 
laistortion of the wall rock, and in greater regu- 
larity of form. 

The casts of ancient ground-ice wedges are 
considered one of the most positive evidences 
of former periglacial conditions comparable 
with those of present-day subarctic and arctic 
regions. They could have formed only in associa- 
tin with perennially frozen ground, which, 
according to Taber (1943), requires a mean 
‘® annual temperature not higher than about 26°F. 
Poser (1947a; 1947b) relied on this criterion to 
a considerable extent in reconstructing peri- 
glacial climatic conditions in Europe during the 
Wiirm glacial stage. 

Solifluction deposits.—The term “‘solifluction” 
has been used with different meanings by dif- 

ferent writers; it is used here as a general term 
itd to denote progressive downslope movement of 
presumably saturated detrital material under 
the action of gravity, probably working in 
$0), conjunction with frost heave in most instances. 

# This process has been described from Arctic 
regions by Andersson (1906), Hégbom (1914), 
Eakin (1916), Ekblaw (1918), Capps (1919), 
Poser (1932), Bretz (1935), Paterson (1940), 
Washburn (1947), and others. Continued sat- 
488 uration is generally considered a necessary con- 
i dition, with moisture supplied by gradual melt- 
ing of snow and/or interstitial ground ice. Taber 
(1943) has pointed out that, where the frozen 
ground contains actual segregations of ground 
ice, the volume of water liberated by thawing 
may be excessive, producing what might be 
i considered a state of supersaturation, particu- 
larly conducive to flowage. The part played by 
perennially frozen subsoil in maintaining sat- 
uration by preventing loss of water by down- 
d seepage has been emphasized by several 




































Although solifluction has been known in a 
general way: for a long time, the results have 
not yet been described in adequate detail. More 
attention has been given to the surface form 
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than to the internal composition of the resulting 
deposits, and it is the latter which enters into 
interpretation of periglacial conditions. It has 
been observed, however, that blocks and coarse 
detritus are commonly carried along by the 
muddy mass, and that movement occurs on 
slopes of comparatively moderate gradient. This 
provides some basis for comparison with ancient 
deposits. 

Recognition of ancient solifluction deposits 
began, and essentially correct deductions as to 
their origin were made, before the process itself 
had been studied under present-day conditions 
(Geikie, 1894). It is now generally recognized 
that such deposits are widely distributed in the 
unglaciated areas of northern Europe, and 
representative descriptions may be found in the 
works of Kessler (1925), Nordmann (1928), 
Breuil (1934), Dines et al. (1940), and others 
referred to in the section on “Block fields.’ 

The solifluction deposits are characterized by 
their nonstratified, unsorted, heterogeneous, 
till-like appearance, by drag effects on the 


substrata, by contortions and other irregulari- ~ 


ties in the basal zones of the deposits them- 
selves, and by present immobility. Unless the 
proportion of blocky material is large, the sur- 
face expression is not very distinctive, and the 
deposits are best studied where exposed by 
erosion or by artificial excavation. True solifluc- 
tion deposits are to be distinguished from 
mudflow deposits formed more rapidly under a 
different set of conditions (Sharpe, 1938, Ch. 4). 

The presence of striated blocks in solifluction 
deposits has been reported by Breuil (1934) and 
by Biidel (1937, p. 19). This suggests that some 
at least of the striated cobbles described by 
Wentworth (1928) from the Southern States 
may have acquired their striations as a result 
of transportation by solifluction. 

According to Breuil (1934) and Wernert 
(1938), solifluction deposits play an important 
part in the Pleistocene stratigraphy of northern 
France. Breuil described a succession of solifluc- 
tion layers separated by loess and fluvial de- 
posits, and correlated the solifluction deposits 
with successive glacial stages, partly on the 
basis of associated vertebrate faunas and arche- 
ologic material. 

The climatic significance of solifluction de- 
posits is discussed below in conjunction with 
that of the block fields. 
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Block fields and related features.—Surficial 
concentrations of blocks or boulders (Pl. 1) have 
been referred to variously as “block fields,” 
“boulder fields,” “felsenmeere,”’ “blockmeere,”’ 
and “blockfelder.” Where such accumulations 
extend along valley bottoms, the terms, “stone 
rivers,” “rock streams,” “blockstréme,”’ etc., 
have been used. Relict features of this general 
type have been described from the Falkland 
Islands by Andersson (1906), from various up- 
land areas in northern Europe (Lozinski, 1912; 
Salamon, 1917; Meyer-Harrassowitz, 1918; 
Quiring, 1928; Fourmarier, 1933; Biidel, 1937; 
and others), and from scattered areas in the 
United States (Smith, 1941; Smith and Smith, 
1945; Peltier, 1945). 

Theoretically, block fields could be produced 
either by mechanical weathering in place, alone, 
or by mechanical weathering plus downslope 
movement. Lozinski (1912) emphasized the 
former, and present-day examples of the process 
have been noted by Hégbom (1914) and others. 
Only where the block fields occur on flat sur- 
* faces or on topographic highs, however, can the 
factor of transportation be dismissed without 
adducing specific proof. A majority of the oc- 
currences described lie on sloping ground and are 
believed to have involved some transportation 
of the block material. Where critical studies 
have been made, specific evidence of transporta- 
tion has been found in one or more or the 
following relationships: (1) content of exotic 
block material traceable to restricted source 
areas on the upslope side; (2) downslope bend- 
ing or stretching of beds or structural lines in 
the subjacent rock; and (3) inversion or inter- 
ruption of the normal soil profile, as by occur- 
rence of less weathered rock overlying more 
deeply weathered rock. The block fields thus 
represent a special facies of solifluction deposits 
and are distinguished on the purely superficial 
basis of conspicuously blocky or bouldery sur- 
face expression. In many places, the latter as- 
pect appears to have been accentuated locally 
by washing away of interstitial fine material 
originally present. 

Block fields obviously serve as indicators of 
former climatic conditions only where they are 
now immobile and no longer in process of for- 
mation. Evidence of stabilization may be found 
in: (1) growth of vegetation, particularly trees, 
on or immediately adjacent to the blocky area, 
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without disturbance; (2) secondary weather 
effects on the blocks, such as to indicate } 
down in place, without disturbance or 
ciable differential movement of the 
fragmental material; (3) beginnings of 
profile development without interference: | 


presence of overlying deposits of other tye. .;: 


in an undisturbed condition; and (5) indicat 
that the work of running water has regain 
status as the main process of erosion, after 
episode of interruption by rubble accumulatia: 
From such evidences Biidel (1937) de 
strated that block accumulations in the F 
birge and Riesengebirge areas of Ge 
now immobile on slopes up to 17°. By finding 
complete postglacial pollen sequence, beginnj 
with a subarctic birch-pine flora, in undisturbe) 
bog deposits overlapping the rubble mantle, by 
proved further that stabilization had p 
throughout postglacial time and that the 
movement of the rubble was truly a periglach 
phenomenon. 
Assignment of solifluction deposits to pet 
glacial origin still leaves the question as to just 
what type of climate was responsible for ther 
formation. Paterson (1940) expressed doubts 
to whether solifluction indicates an arctic typ§ « 
of climate, unless supplemented by other mor 
definitive types of evidence; he pointed out tht 
the primary requisite for solifluction is satu 
tion, and that this condition may be fou 
under special conditions in other than frigt 
environments. Washburn (1947) reached simi 
conclusions. It is undoubtedly true that simple 
soil flow or saturated creep can occur undera 
wide variety of conditions, ranging from pere- 
nially frozen subsoil through seasonally from 
ground to unfrozen ground with imperviou§.; 
substrata. There is no reason for assuming, hor 
ever, that periglacial mass movement took plat 
by simple flowage alone. Indeed, it is difficut 
to visualize the transportation of coarse rubble 
in large volume for distances of more than? 
kilometers, and on slopes as low as 2°, asi 
ported by Biidel, by mere soil flowage alone, 
particularly where this material is now stale 
on slopes up to 17°. If powerful frost heaving 
such as would occur under conditions of pere 
nially frozen subsoil, be admitted as a compe 
mentary factor, the process of movement 
comes more intelligible. (Cf. Eakin, 1% 
Kessler, 1925, p. 108-110.) Unfortunately, ¢ 
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isting knowledge of present-day mass movement 
under arctic conditions is too superficial to 
throw much light on this matter. It may be 

that a stabilized mantle of coarse 
mbble or blocks on low gradients, unless de- 


fnitely attributable to special local conditions, 


is indicative of a former colder climate, and 
strongly suggestive of a once perennially frozen 
subsoil. Where “solifluction” deposits are par- 
ticularly well developed and widespread, it may 


ie be inferred further that the periglacial climate 


was of a relatively humid type (Zeuner, 1937). 

Involutions in unconsolidated sediments.— 
Highly irregular, aimlessly contorted, interpen- 
etrating structures (Fig. 4) in Pleistocene sedi- 
ments have been variously referred to as “‘in- 


eR volutions,” “cryoturbations,” “wiirgebéden,” 
§ “taschenbéden,” and “brodelbéden.”® Struc- 


tures of this type have been described from 


iS Germany (Keilhack, 1927; Bahr, 1932; Steeger, 
i (944), Denmark (Ngrvang, 1946), Holland 
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(Edelman ef al, 1936), and from this country 
(Denny, 1936; Sharp, 1942a). These structures 
are found in flat-lying sediments and are char- 
acterized by random orientation and lack of 
lateral continuity, in ground plan; no progres- 
sive movement is involved in their formation. 
They are thus distinguished from the drag 
structures produced by solifluction and from 
drag and flowage structures produced by other 
processes not related to frost action (Shrock, 
1948, 156-160, 258-280). 

Sharp gave detailed descriptions of involu- 
tions and discussed the question of origin at 
some length. He concluded that the involutions 
were formed by intense differential freezing and 
thawing, together with the growth and melt- 
ing of bodies of ground ice. N¢grvang, in discus- 
sing more or less similar features, postulated 
buried soil polygons (described below). Since 
these features have no definite surface expres- 
sion insofar as known, no direct evidence as to 
their origin has been observed in arctic regions. 
Itis generally agreed, however, that they could 


sf have been formed only in association with per- 
ing Cntially frozen ground, and thus provide good 


*The term “brodelbden” has been used by 


Bpome to include other structures produced by frost 


action, particularly stone rings, etc. It has been used 
also as a genetic term, implying a particular theory 
of origin not generally accepted. 


evidence of former frigid periglacial conditions. 
Poser (1947a) used these features as one crite- 
rion in reconstructing periglacial climate in 
Europe during the last glacial stage. 

Stone rings, stone stripes, and related features. 
Stone rings or polygons, commonly joined to- 




















Ficure. 4.—“BRopELBODEN” OR INVOLUTIONS 
IN PLEISTOCENE SEDIMENTS 


i from photo by Keilhack (1927, opp. p- 


gether in a network pattern (Pl. 1), are typical 
features of flatish surfaces in many arctic and 
alpine regions. As the slope increases, they grade 
through elongate or garland-shaped forms to 
stone stripes. The literature on these fea- 
tures is voluminous, and probably more papers 
have been written about them than about any 
other product of frost_action. Representative 
studies are those of Hégbom (1914), Eakin 
(1916), Huxley and Odell (1924), Elton (1927), 
Poser (1931), Antevs (1932), Steche (1933), 
Sharp (1942c), and Orvin (1943). A regional 
summary of occurrences now in the active 
state, together with a climatic classification, 
was presented by Troll in 1944. 

Stone rings are evidently formed by the sort- 
ing effects of frost action, but the details of the 
process are not yet clearly understood. Sharp 
(1942c) reviews the various hypotheses, but 
none seems adequate to account for all observed 
characteristics of the nets in general. Stone 
stripes and intermediate forms are believed to 
result from the interaction of solifluction with 
the process of stone-ring development. 

“Fossil” stone rings, stone stripes, etc., have 
been reported from treeless zones in various 
mountain areas and are distinguished from 
modern forms by weathering of the stories in 


6 The general term “‘strukturboden” is commonly 
applied to these features; numerous other terms are 
listed by Sharp (1942c). 
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place and by the encroachment of vegetation. 
Antevs’ study of the alpine zone on Mt. Wash- 
ington (1932) is illustrative. He found both 
modern and ancient stone stripes and nets in 
the same locality. The ancient forms differ from 
the modern ones in being of much larger size. 
Antevs postulated that the large stone nets 
develop only over perennially frozen ground, 
but that the small ones do not have this require- 
ment. This is in essential agreement with 
Troll’s findings on the climatic distribution of 
modern forms (1944), and with Zeuner’s gen- 
eral conclusions on the significance of the 
various types of frost-induced induced phe- 
nomena (1945, p. 12-14). 

Earth mounds or palsen.—Various types of 
mounds have been described from arctic and 
alpine environments by Hégbom (1914, p. 306, 
Lozinski (1933), Sharp (1942c), Muller (1945), 
and others, and a regional summary of their 
occurrence has been given by Troll (1944). 
Some types of mounds have ice cores and col- 
lapse when the ice melts; other types are com- 
posed of soil material throughout, and can thus 
withstand climatic amelioration. Obviously only 
the latter type or types are of interest as peri- 
glacial phenomena. 

Lozinski has dealt at length with ancient 
palsen fields of periglacial origin in the Polish 
Carpathian foreland and has ascribed consider- 
able importance to this type of feature as evi- 
dence of former periglacial conditions. Lozin- 
ski was not clear, however, as to how ancient 
and modern palsen are distinguished, or as to 
how palsen formed by frost action are distin- 
guished from soil mounds formed in other ways. 
He suggested that the soil mounds of the Gulf 
Coastal area in this country include frost-built 
palsen of periglacial vintage—an opinion ques- 
tioned by Bryan (1940), and certainly difficult 
of confirmation in view of the long-standing 
controversy as to the origin of the mounds in 
question. (cf. Rich, 1934.) Periglacial origin 
seems more plausible, however, for the much- 
debated Mima mounds of western Washington 
(Péwé, 1948). 

Amorphous disturbed soil—The effect of dif- 
ferential frost action in causing some rock 
fragments to move up while others move down 
has been analyzed by Taber (1943). This proc- 
ess may be regarded as having a churning ef- 
fect on the soil. Where ventifacts, which ob- 
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viously must form at the ground 

found scattered at random through soil ® 
depth of 1 or more feet, and other indies 
of disturbance are found, frost action 
invoked (Bryan, 1932; Denny, 1936;) 
and Ray, 1940, p. 26; Bastin and @ 
1941). Lutz and Griswold (1939) have 
out that tree roots may simulate certaing 
effects of frost in soil, and that this posal 
must be eliminated before frost action is pu 
lated. 

Landslides.—Landslide masses interp 
having moved under periglacial conditi 
described by me from an upland area ing 
central New Mexico (Smith, 1936). My 
the sliding took place on slopes as lowag! 
and the slides are now completely stab 
The topographic relations indicate two epia 
of sliding well separated in time, and the 
correlated with glacial stages. = 

Stabilized taluses—A talus may be s 
become stabilized when the addition of pev 
material from above has virtually ceased, Thi 
may come about: (1) by gradual headwarde 
croachment of the talus upon the source are 
so as to cover it; or (2) by arrest of thep 
of dislodging block material, before the 
condition is reached. The second situation) 
be inferred where trees or other types of 
tation have become established on portid 
the talus without interference from @ 
blocks, although the talus is still overtoppt 
steep rock ledges which constitute a p e 
source of new material. Since frost weal 
is known to be particularly effective in 
ing material for taluses (Hégbom, 1914;% 
welder, 1935), a diminution of frost@ 
through climatic amelioration provides & 
cal explanation for the stabilization of 
at many places. On the basis of these and 
considerations of a more local natured 
inferred a periglacial origin for the talust 
ing Devils Lake in the Baraboo area @ 
consin (Smith, 1941). ; 

Nivation hollows.—The process of nivati 
its effects in producing minor topograpaix 
lows was first described by Matthes 
from the Bighorn Mountains, and sincet 
has been reported from other western m 
tains by Russell (1933), from Greenland 
Ekblaw (1918), and from Iceland by 
(1939). Certain “arm-chair” forms in Eng 
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Ficure 1. PeriGLaciat Biockx STREAM 
Along South Mountain, northern Maryland. 


Ficure 2. Ancient Stone Rincs 1n Rupe Network Patrern 
On Beartooth upland of northern Wyoming. 


ANCIENT BLOCK STREAM AND STONE RINGS 


SMITH, PL. 1 
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have been attributed (Bull, 1940) to similar 
origin under a colder climate of the past. 

Protalus ramparts.—These features are ridges 
of blocks that accumulate by sliding or rolling 
down over semipermanent snowbanks (Bryan, 
1934; Bryan and Ray, 1940, p. 35). They occur 
most commonly in cirques. Where snowbanks 
of the required size and persistence no longer 
occur in association with these features, a for- 
mer episode of cooler climate is inferred. 

Minor superficial folds.—Kriiger (1933) pos- 
tulated that minor, irregular, superficial folds 
(Fig. 5) more or less split along the axial plane, 
and occuring in thin- to medium- bedded sedi- 
mentary rock, were produced by frost wedg- 
ing under periglacial conditions. The folds die 
out downward within a few feet. A similar type 
of structure.was described by Campbell (1906) 
from Arkansas, and attributed to the expansive 
effects of weathering along joints, with frost 
action as a contributing factor. It is unknown 
whether frost action is of equal importance in 
all occurrences of this type of structure. 

Dry valleys—The anomalous occurrence of 
dry valleys in rock now having subsurface 
drainage was noted by Reid, in England, in 
1887, and was attributed by him to erosion by 
running water during glacial times when the 

substrata were made impervious by freezing. 

This explanation was accepted by Geikie (1894, 

395-396) and reaffirmed by Bull (1940). Dry 
valleys believed to have been of similar origin 
were described from Germany by Kessler 
(1925). 

Asymmetric valleys;—The common asym- 
metry of east-west valleys in areas of perennially 
frozen ground in Siberia was noted by Schos- 
takowitsch (1927). In the Erzgebirge basin of 
Germany, Lische (1930) found a similar degree 
of asymmetry, best developed, however, along 
northwest-southeast valleys. The steeper side 
is characteristically on the northeast. In some 
places, modern symmetrical valleys are cut 
down into older asymmetrical valleys, indica- 
ting changed conditions of erosion. The asym- 
metry was attributed to one-sided stream ero- 
ion at a time when the ground was perennially 
frozen, and solar exposure of the northeast 
side made for maximum thawing and minimum 
resistance to stream erosion on that side, in 
contrast to the greater resistance of the still- 
frozen ground on the opposite side. Other fac- 
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tors in asymmetric valley development were 
discussed further by Biidel (1944), Troll (1947) 
and Poser (1947a). Poser concluded that the 
asymmetry of valleys, if correctly interpreted, 
can provide valuable evidence of the former 
extent of perennially frozen ground. 

















Ficure 5.—D1aGram OF Minor SuPerFiciAt Foxp, 
OF THE ORDER OF ONE METER IN HEIGHT, 
ATTRIBUTED TO PERIGLACIAL Frost Ac- 
TION 


After Kruger (1933, p. 222). 


Résumé.—Thirteen types of features interpre- 
ted as indicative of former periglacial conditions 
have been discussed here. Of these, the ones 
most generally applicable in areas associated 
with continental ice sheets are: casts of ground- 
ice wedges, involutions, and solifluction deposits, 
including block accumulations. Only the block 
accumulations have distinctive surface expres- 
sion. All are best studied in cross section. Where 
they occur at the surface, they record only the 
last major climatic change. Where they are 
interbedded with other types of deposits, they 
serve as climatic horizon markers, may record 
more than one climatic change, and thus may 
play a significant part in the interpretation of 
Pleistocene stratigraphy. 

“Fossil” ground-ice wedges constitute the 
most convincing evidence of the former pres- 
ence of perennially frozen ground, and many 
workers consider well-developed involutions to 
have the same criterion value. The significance 
of solifluction deposits is less firmly established, 
but where these contain a high proportion of 
coarse rubble, and occur on gentle slopes, they 
at least strongly suggest the former prevalence 
of perennially frozen ground. 

In mountainous areas, the ancient frost-in- 
duced features most commonly encountered are 
stone nets, stone stripes, and the several varie- 
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ties of block accumulations. Earth mounds or 
hummocks and boulder-banked terraces (Eakin, 
1916; Antevs, 1932) are common also, but their 
antiquity is more difficult to prove. Stone rings, 
stone stripes, and related features develop only 
in treeless zones, and may occur with or with- 
out perennially frozen ground. According to 
Zeuner (1945, p. 13), heavy snowfall and pro- 
tracted freeze-thaw conditions are the main 
requirements. Where these features are of large 
scale, however, association with perennially 
frozen ground seems probable. Troll’s (1944) 
summary on the geographic and climatic dis- 
tribution of active frost phenomena provides 
basic data for more particularized climatic in- 
terpretations. 


Regional Studies 


General.—The world-wide distribution of mod- 
ern frost phenomena was summarized by 
Troll in 1944; this was supplemented, in 1947, 
by a generalized map showing the lower limit 
of altitude at which soil structures due to frost 
action occur throughout the eastern hemisphere. 
No comparable summary of periglacial phen- 


omena has been made. Perhaps the closest ap- 
proach was in Kessler’s monograph (1925), 
which, however, was concerned mainly with 
German areas. Since 1925 a large volume of 
new data has become available for all parts of 
Europe which came under the influence of peri- 
glacial conditions during the Pleistocene. Some 
of this information has been referred to on pre- 
ceeding pages. Much of it, although not spe- 
cifically summarized, has been drawn upon by 
Poser in his synthesis of periglacial climatic 
conditions, noted in a later paragraph of this 
paper. 

In North America, studies on periglacial 
phenomena are still in their infancy. The few 
widely scattered areas that have been studied 
may be listed briefly. In New England and ad- 
joining areas in New York, stone rings and 
stripes have been described by Antevs (1932), 
frost-churned ground by Bryan (1932) and 
Denny (1936), and involutions and solifluction 
phenomena by Denny (1936; 1938). In the 
Pennsylvania Appalachians and the Blue Ridge 
area, block fields and block streams have been 
noted by Smith (1945) and Peltier (1945). In 
the South Carolina Piedmont, mass-movement 
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phenomena described by Eargle (1949) wen 
interpreted by Bryan (1940) as of periglacyl 
origin. In the upper Mississippi Valley area, e. 
amples of involution layers have beep é 
scribed by Sharp (1942a), and of solifiuctig 
and related phenomena by Smith (1941), Ip 
Rocky Mountain region, the only referengy 
periglacial phenomena was a casual one br 
Bryan and Ray (1940). In the Pacific Nog 
west, periglacial stone nets were noted by Baka 
(1942), and the probable periglacial origin ¢ 
earth mounds was recorded by Péwé (1948), 
Reconstruction of periglacial climatic copii 
tions.—The interpretation of periglacial climaty 
conditions is based to a considerable extent @ 
frost phenomena, but draws also upon ealia 
phenomena, paleobiologic data, and meteon. 
logic deduction. All these factors entered intoth: 
following major contributions on this subject 
In 1925, Kessler presented a generalized 
construction of periglacial climatic conditions 
in Germany. He concluded that the climatea 
the entire belt between the Alpine and Sop 
dinavian ice sheets was much the same, with 
a mean annual temperature not higher tha 
-2°C., wide fluctuations in temperature, om 
paratively low precipitation, and dominant ali, 
dry winds blowing down from the northen 
ice, giving way at times to precipitation-ber 
ing winds from the west and southwest. 
Zeuner (1937) gave a more particulariad 
interpretation for a larger area, during a ge 
cial stage corresponding to the Wiirm mai 
mum. He recognized greater regional differe- 
ces in climate than did Kessler and showed th 
following climatic zones, from north to south, 
on a generalized map: (1) a comparativey 
narrow tundra belt extending from southen 
England across northern Germany and Polan(; 
(2) a broad loess belt, or grass steppe, coveriy 
much of northern France, Germany, Poland 
and parts of bordering countries; and (3): 
southerly forest belt. Climatic conditions 2 
each belt were analyzed, and differences fmm 
east to west were noted. The widespread ocar 
rence of perennially frozen ground was affirme 
The dust deposited in the loess zone was ® 
lieved to have been derived largely from f 
comparatively barren tundra zone. 
Cailleux, in 1942 (see also Wright, 1946), i 
terpreted periglacial wind action from the d 
tribution of ventifacts and eolian sand gral 
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in Pleistocene deposits. His composite map for 
the entire Pleistocene (Fig. 16, p. 70) shows 
highest percentages of eolian sand grains and 
thus indicates most vigorous wind action, in a 
gone corresponding roughly to Zeuner’s tundra 
pelt; his findings agree essentially with Zeuner’s 
interpretation. 

Probably the most comprehensive reconstruc- 
tion of periglacial climatic conditions yet pub- 
lished was that of Poser (1947a; 1947b) for the 
Wiirm glacial stage in Europe. Generalized 
maps showing the following climatic data were 
presented; (1) southern limit of the belt of per- 
ennially frozen ground; (2) depth of summer 
thaw; (3) intensity of frost action in winter; 
(4) wind systems in summer and in winter; and, 
(5) dimatic subdivisions (Fig. 6) of the region, 
comprising the following: (a) tundra climates 
(maritime, continental, and intermediate) with 
perennially frozen ground; (b) continental for- 
est cimate with perennially frozen ground; (c) 
maritime tundra climate without perennially 
frozen ground; and (d) maritime forest climate 
without perennially frozen ground. Poser’s tun- 
dra belt includes a large part of Zeuner’s loess 
belt, and his boundary for the forest belts 
differs considerably from Zeuner’s. 

In North America, data now available are 
far from adequate for the types of interpreta- 
tion outlined above. The work of Bryan and 
Cady (1934), however, represents a climatic 
interpretation of a more limited nature, based 
partly on eolian deposits but largely on meteor- 
ologic deductions. 


Problems 


(1) Problems of terminology.-The terminology 
of frost action and periglacial phenomena is in 
a state of considerable disorder. Many terms 
are used with different meanings by different 
workers. The term solifluction, for example, 
has been used to mean mass movement both 
with and without perennially frozen subsoil; 
although most writers use it to mean progres- 
sive downslope movement, some include non- 
progressive differential movement of the type 
involved in the formation of stone nets. The 
term periglacial itself is not beyond criticism. 
It is perhaps unfortunate that this term has geo- 
gtaphic connotations; in a strict sense, it denotes 
simply the environmental conditions marginal 
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toan ice sheet, but by established usage it applies 
specifically to that zone in which the cooling 
effect of the ice sheet itself produced a frost 
climate (Zeuner, 1945, p. 55)-a zone “‘charac- 
terized by low temperatures, strong winds, and 
many fluctuations across the freezing-point at 











Ficure 6.—C.imatic ZONES IN EUROPE DURING THE 
Wtrm GLACIATION, ACCORDING TO PosER 
(1947b, p. 266) 


Heavy dashed line represents the southern bound- 
ary of the area of perennially frozen ground; heavy 
dotted line marks limit of the arctic forest. Light 
dot-and-dash lines indicate boundaries of climatic 
zones where not shown by above lines. A repre- 
sents tundra climate with perennially frozen ground 
(AJ isa glacial-maritime province; A2 intermediate 

rovince; and A3 glacial-continental province); 
represents continental forest climate with peren- 
nially frozen ground; C represents maritime tundra 
climate without perennially frozen ground; and D 
represents maritime forest climate without peren- 
— frozen ground. Glacial ice shown in solid 


certain seasons.”’ (Sharp, 1942a). The term is 
a general one, and useful as such; supplemen- 
tary terms of more limited and explicit mean- 
ing, however, might be helpful. When the term 
periglacial is extended to refer to conditions of 
lowered temperature, during glacial stages, at 
places remote from glaciers, as in mountains 
and upland areas, criticism is perhaps justified; 
a new term to denote climatic rather than geo- 
graphic approach to glacial conditions might 
be preferable. 

In many instances, different terms are used 
by different writers in referring to the same 
phenomena. Sharp (1942c), for example, lists 
26 terms used for stone rings and stone nets; it 
is probable that there are many varietal differ- 
ences that warrant distinction, but very doubt- 
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ful whether any such distinctions are implied 
by the terms listed. 

Terms of definite meaning promote clear 
thinking, and standardization of such terms 
promotes the interchange of information among 
workers. The desideratum is a precise terminol- 
ogy that is internationally acceptable, as in 
paleontology. Bryan (1946; 1948) endeavored to 
meet this need by proposing a new set of terms 
for the major concepts involved in the study 
of frost action and frozen ground. It is yet too 
soon to say whether these terms will meet with 
general approval; if accepted, the problem of 
terminology for various individual types of 
features will still remain. 

(2) Problems of origin and criterion value.— 
Although the general principles of frost action 
are known, much remains to be learned about 
the detailed characteristics of the processes and 
of the resulting deposits and surface forms and 
about the limiting conditions under which par- 
ticular features are developed. Closer paral- 
lels for phenomena interpreted as periglacial 
need to be sought and studied in regions where 
they are now being formed. How, for example, 
and under exactly what conditions, does the 
so-called process of solifluction move large 
volumes of coarse rubble long distances on low 
gradients? Just how are involutions formed? 
To what extent is the size of stone rings a func- 
tion of climate, ani what part is played by 
other factors, such as lithology and stage in 
the developmental process? Answers to these and 
related questions will involve continuous ob- 
servation or periodic re-examination of selected 
localities, excavation to study subsurface char- 
acteristics of many features and other methods 
of study. Laboratory experiments also may 
play a part. 

(3) Problems of distribution —Much work re- 
mains to be done before our knowledge of peri- 
glacial frost phenomena in North America can 
compare with that for Europe. The areal distri- 
bution of particular features needs to be out- 
lined, and stratigraphic distribution of buried 
features must be studied. In mountains, the 
distribution of various forms with respect to 
altitude and latitude needs to be ascertained. 
In this work, representatives of several different 
fields may have a part. As knowledge of the 
subject becomes more widely disseminated, 
considerable information on distribution of the 
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more conspicuous features should be Provided 


as a by-product of field studies in otherbranchy #* 


of geology. Ancient periglacial features, hoy. 
ever, are not always easy to find or to identify, 
In many places they are obscured by Vegetation 
soil, or colluvial deposits and in other plagy 
they probably grade into soil materials being 
moved by present-day creep. Under these cong.” 


tions, the features in question are likely to jy’ 


unrecognized unless specifically sought for, Gg." 
laboration between geomorphologists and gqj' 
scientists should be fruitful. It is the soil scien. 


tist whose studies of surficial materials are mat’ 


intimate and who is best qualified to evaluat 
discontinuities in the soil profile, or othe’ 
anomalous relationships. Archaeologists and” 
paleontologists also may contribute 

their detailed examination of particular places 


(4) Reconstruction of former climatic cond,” ‘ 
tions.—A major objective in the study of fr |°}: 


phenomena is the interpretation of past di 
matic conditions on a regional scale. This re 
quires that adequate information on the regional 


distribution of particular features be assembled," 


integrated with the evidence provided by other’ 
physical phenomena and by fossil floras and 
faunas, and harmonized with established d- 
matologic knowledge. 

(5) Testing value of buried frost-induced fa 
tures in the interpretation of Pleistocene sivatig- 
raphy.—In Europe, the recognition of the ix 
terbedding of solifluction deposits and other 
frost phenomena with loess, and alluvial te 
race deposits in the periglacial zone has bea 
helpful in deciphering the Pleistocene strate 
graphic record. It remains to be ascertained 
whether a similar method of approach wil 
prove fruitful in this country. 


STREAM TERRACES 
General Statement 


For the purpose of this discussion, stream te 
races, may be defined as remnants of forme 
valley floors standing higher than the stream 
gradients in the present cycle or epicyded 


erosion. Two main types may be distinguishel: + 


(1) Terraces cut on bedrock by lateral plat 
tation, and veneered with the fluvial deposit 
associated with that process. Such terraces g@ 
erally match in height on opposite sides of t 





valley, unless the surface is raised locally by 

















sh from bordering areas (Mackin, 1937). 
is type of terrace is generally attributed to 
ectonic movement and is important in the 
tudy of such movement. Under special cir- 
stances, lowering of stream grade by pi- 
acy is a possible cause also. Mackin (1937) 
sstulated climatic change as still another pos- 
I ble cause, suggesting that downcutting may 
ave resulted from climatic changes related to 
iacial stages. He failed to explain, however, 
} hy there was not a reversal to aggradation 
juring interglacial stages. 

(2) Terraces developed in alluvium previously 

i| leposited by the same stream which cuts down 
. other ito it (alluvial or cut-and-fill terraces). In 
sts al ‘ther words, the normal course of degradation 
‘through “nterrupted by aggradation. The secondary 
lace, ritode of degradation may take place in either 
‘ com «two ways: (a) By continuous lateral swing- 
of fr tof the stream during downcutting, as de- 
past di | “sed by Davis (1902). This results in inter- 
Ts of sediate terraces which are irregular in ground 
nome, olan and generally do not match in number or 
tif ‘a height on opposite sides of the valley. Such 
by oe emraces are of little historical significance. 
re () By comparatively rapid downcutting fol- 
lowed by more leisurely valley widening and/or 
raggradation. The amount of downcutting 
may equal, exceed, or fall short of the depth of 
the original bedrock floor. Intermediate ter- 
races between the top of the initial fill and the 
bottom of the final valley may result either 
from pauses during downcutting or from fur- 
ther alternations between degradation and ag- 
gradation, as described by Lueninghoener (1947) 
from eastern Nebraska. Terraces formed in 
tither of these ways match in height across 
the valley. 

Terraces of type (2b) are of particular in- 
terest in studying the effects of Pleistocene 
dimatic changes, and form the subject matter 
of the following discussion. Only a brief treat- 
ment is given here, pending a more detailed 
analysis in a future publication. 

Alluvial terraces of type (2b) may result 
| from: (1) eustatic changes in sea level; (2) ef- 
fects of glaciation on load and volume of streams 
heading in glaciated areas; (C) effects of cli- 
matic change on regimen of streams heading 
in nonglaciated areas; (4) crustal warping; and 
(5) combinations of the foregoing. Some of the 
basic principles underlying the interpretation 
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of these terraces have been outlined by Mackin 
(1948), and a quantitative method of study has 
been suggested by Jovanovié (1940), and re- 
viewed by Lewis (1947). 

The relation of eustatic changes in sea level 
to stream terracing has been discussed by Daly 
(1934) and Zeuner (1945), and theoretical con- 
siderations have been set forth by Mackin 
(1948). Terraces ascribed to the combined ef- 
fects of crustal warping and eustatic changes 
have been described from Louisiana by Fisk 
(1939; 1944). 

Where terraced valleys head in glaciated re- 
gions, the relations of the terraces to glacial 
stages may be investigated by continuous trac- 
ing into morainal areas. In many places, it is 
found that aggradation was effected by deposi- 
tion of glacial outwash, and that degradation 
took place during nonglacial intervals. A classic 
example was described from the Alps by Penck 
and Briickner in 1909 (reviewed by Wright, 
1937). Differentiation of the terraces in that 
region, in fact, played a significant part in es- 
tablishing the glacial sequence. Development 
of the successive terraces was conditioned both 
by changes in base level and by the effects of 
glaciation on stream action. Terrace sequences 
such as this serve to carry the glacial chronol- 
ogy into unglaciated territory, but in most 
places the record is less complete than in the 
Alps, particularly with respect to the earlier 
glacial stages. Examples in other regions are 
provided by the studies of De Terra and Pater- 
son (1939) in India, by MacClintock (1922) 
and Thwaites (1928) in the upper Mississippi 
Valley area of this country, and by Bryan and 
Ray (1940) in northern Colorado. 

Where both eustatic changes in sea level and 
direct glacial influence can be ruled out, only 
climatic change and crustal warping are left 
to account for terracing. And where the terraces 
are comparatively uniform and widespread in 
different drainage areas, the crustal movements 
required to account for terracing would be, as 
Huntington (1905; 1914) pointed out, of such 
delicate adjustment and complex pattern as 
to be altogether incredible. Climatic change 
alone thus remains as the logical explanation of 
terracing in many regions. If the true nature 
and sequence of the climatic changes involved 
in the development of a given set of terraces 
can be interpreted satisfactorily, and can be 
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correlated with glacial climatic changes, a con- soils and buried soils, and age and eq, has 

necting link between chronologies in glaciated implications of any fossil animals of , 7 

and nonglaciated regions is provided. The prob- _ contained in the terrace deposits. (cf. Albrix A 
lems entailed in this mode of approach are out- and Bryan, 1939.) 

lined. A special case of climatic terracing istigg 

streams heading in former periglacial a. ion 

Problems of Climatic Terraces Owing to accelerated supply of materi Bry: 


streams by frost weathering, mass moveme 
Although it is generally agreed that terracing and associated processes, aggradation tooky gion 
is produced by climatic changes, the question during glacial ages and degradation under 
as to particular types of climatic shift respon- glacial conditions. Examples from areas } " 
sible for aggradation and degradation, re- dering the Alps are given by Biidel (1944), 7 pret 
spectively, has been controversial. Huntington _ possibility of climatic influence on the ce Hac 
(1914), who originally expounded the concept mulation of pre-Wisconsin, nonglacial tems opt 
of climatic terraces, stated that increasing arid- deposits in the Driftless area of Wisconsin mat 
ity led to aggradation and decreasing aridity discussed by Thwaites (1928), and perighe; . 
to degradation. This view was shared by Black- origin of these deposits would seem a loge stu 
welder (1931) and by Wenzel et al. (1946). working hypothesis. The same hypothesis) 
The opposite interpretation, however, wasmade applicable to younger alluvial terraces describe - 
by Albritton and Bryan (1939), Pfannenstiel from the same area by Bates (1939), althoug ss 
(1940), Bryan (1941), Hack (1942), and Schultz this possibility is overlooked by Bates, 
and Stout (1945), all of whom correlated aggra- mp 
dation with more humid conditions and degra- Regional Studies ond Problems = 
dation with more arid conditions. This, actually f 
is less contradictory than it might seem. For In Europe, detailed terrace studies have bes whe 
the most part, the workers of opposed view- carried on in many of the major draing beslt 
point were considering different drainage areas basins, and correlations with glacial event play 
where different conditions prevailed. Barrell have been made. The general results have bee pe 
(1908) long ago pointed out that the effects of summarized by Woldstedt (1929), Wrigh en 





a given climatic change would be different (1937), and Zeuner (1945). 

even in different stretches of the same stream. Some of the terrace studies in Asia and 

Cotton (1945) and Richardson (1945) more as well as in Europe, have been reviewed, 
recently have pointed out some of the other correlations have been postulated, by Pater: 
complicating factors involved in the climaticin- son (1941), in connection with a theory 
terpretation of terraces. It may be concluded climatic influence rigorously criticized by Cet- Ants 
that no simple generalization will apply to all ton (1945). 
terraces, and that each terrace system must In North America, the areas in which alv- he 
be analyzed in the light of its own particular set- vial terraces related to the chronology of Peis ' 
ting. Due consideration must be given to local _tocene climatic changes have been described in Bagi 
climatic environment and topographic condi- any degree of detail are comparatively few and 
tions, to changes in conditions along the stream widely scattered. In the upper Mississippi Val- 
course, changes in amount and character of de- _ ley, the work of MacClintock (1922) and Mar} Bast 
tritus fed to the stream by weathering and mass __ tin (1932) deserve mention. In the lower Missis ' 
movement, effects of climatic change on vegeta- __sippi Valley, Fisk’s work (1944) is noteworthy; 
tion and thus on ground protection and on rate _ correlations with the upper valley, however, ar , 
of runoff, and changes in maximum, minimum, on a tenuous basis because of inadequate pub- a 
and mean discharge entailed by the climatic _ lished information on the latter area. In | 
shift. Where possible, deductions from these fac- Nebraska, a detailed study of one area Berk 
tors need to be supplemented by the evidence of made by Lueninghoener (1947). In the Cole 
the terrace deposits themselves, including com- rado Rockies, the work of Bryan and Ry 
position, stratification, degree of sorting, tex- (1940) stands by itself. In western Nebrasig Blaci 


ture (cf. Zeuner, 1933), cementation, surface a preliminary account of terrace phenome 
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has been published by Schultz and Stout (1945), 
and a more detailed local study was published 
by Wenzel et al. (1946). Correlations with the 
work of Bryan and Ray were suggested by 
Condra and others (1947). 

In the southwestern states, terraces have 
been studied at various places by Albritton and 
Bryan (1939), Hack (1942), and others. Re- 
ginal correlations were discussed by Bryan 
(1941). Thornthwaite and his co-workers (1942), 
however, took issue with the climatic inter- 

tion of terraces in the area studied by 
Hack; they differed, apparently, in their con- 
ception of what constitutes evidence of a cli- 
matic change. 

It is evident from the brevity of this list of 
studies that large areas remain to be covered, 
and that continuous tracing of terraces along 
individual stream systems is needed. In such 
studies, both the morphology of the terraces 
and the character of the terrace deposits are 
important. The value of subsurface methods in 
studying the latter has been demonstrated 
(Fisk, 1944) and warrants further application 
wherever feasible. When placed on a regional 
basis, studies of alluvial terraces may come to 
play an important part in the correlation of 
events between glaciated and nonglaciated re- 
gions, particularly with respect to the later 
stages of the Pleistocene. 
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12, INTERRELATIONS OF PLEISTOCENE GEOLOGY AND SOIL SCIENCE 


By James THorp 


INTRODUCTION 


The study of soil is the field of research in 
which the geologist, the biologist, the climatol- 
ogist, the agriculturist, the archaeologist, and 
the engineer meet. Reports on Pleistocene! 
studies are of inestimable value to the soil 
scientist; but, in spite of the great usefulness of 
the work already done, there are still many 
ways in which it can be improved to make it 
more useful to the soil scientist. For example, 
Qal (Quaternary alluvium), on the map, tells 
the soil scientist nothing of importance that 
he cannot see as he drives down the road. 
A good map of Pleistocene alluvium, showing 
stratigraphic relationships, texture, and lith- 
ologic character of the deposits, in broad terms, 
will enable the soil scientist to understand 
better the genesis and morphology of the 
soils, to draw better soil maps, and to improve 
his system of soil classification. 

Detailed soil surveys and laboratory in- 
vestigations of the soils developed in Pleistocene 
deposits can be of great aid to the Pleistocene 
stratigrapher who has learned to interpret soil 
maps; but soil-survey maps and reports can be 
improved also, in many ways, to make them 
more useful to the geologist. It might be well, 
for example, for the soil scientist to adopt a 
system of soil-horizon nomenclature that will 
indude the entire regolith and to devote more 
attention to deep layers of earth material. 
Recent observations show clearly that the 
regolith may be modified by soil-forming proc- 
esses to depths of many feet below the “B 
horizon” of the soil proper. Information on this 


1 Pheis “Pleistocene,” as used hére, covers the entire 
time between the end of the Pliocene and the present, 
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material is of great use to engineers who are 
much less concerned about technicalities of soil- 
horizon nomenclature than they are about 
physical properties of mantle rock. Soil-survey 
reports would be more meaningful to geologists 
if they gave more information on the known 
stratigraphic sequence and lithologic character 
of parent rocks, even if exact geologic cor- 
relations are not possible. 

Since soil is one of the most important basic 
resources of mankind, and since a large share 
of the most productive soil of the world is 
developed in deposits of Pleistocene age, there is 
great need for expanding Pleistocene re- 
search and for improving the techniques of 
investigation. 

Types of information needed from geologists 
to make Pleistocene research of most use to the 
soil scientist are discussed and ways are sug- 
gested by which the soil scientist can be of 
greater assistance to the geologist than he has 
been in the past. Some of the significant 
literature is recorded, but time has not 
permitted the digestion of an extensive 
bibliography. 


Type OF INFORMATION NEEDED By 
Sort ScIENTISTS 


I. Character of Pleistocene Deposits.—In 
many reports on Pleistocene geology, greatest 
emphasis is laid on the stratigraphic succession 
of deposits with relatively less emphasis on the 
texture, clay types, lithologic character, soluble 
salt content, degree of weathering, and degree 
of stoniness of deposits. 

1. Texture: Glacial drift and other Pleisto- 
cene deposits might be classed as very sandy 
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moderately sandy, medium-textured (includ- 
ing silty), and clayey. Perhaps still a fifth 
texture group, clay, would be useful in many 
instances. Generally, it is important also to 
know whether the deposits are stratified or 
unstratified. The texture of Pleistocene de- 
posits, combined with other physical and 
chemical characteristics, limits the range of 
possible soils that can develop. 

2. Clay types: Not only is the proportion of 
clay important, but the general type of clay is 
of equal significance to the kind of soil that will 
form. A general grouping of clays, like “kaolin- 
itic,” “montmorillonitic,” “allitic,” etc., would 
be adequate as a basis for soil investigations. 

3. Lithology: Most Pleistocene deposits have 
several lithologic facies that are highly signifi- 
cant for soil development. Sub-division of Pleis- 
tocene deposits on this basis is as important to 
the soil scientist as separation of deposits of 
different ages. Not only do we need to know 
the kinds and proportions of the rock types 
present, but it is sometimes of economic in- 
terest to know what rare elements (¢.g., cobalt 
or boron) may be lacking. Studies of this kind 
would require close co-operation of soil scien- 
tists and geologists. Where Pleistocene maps 
and reports fail to show these differences, it is 
necessary for soil scientists, many of whom are 
less skilled than geologists in the identification 
of rocks, to work out these details themselves. 

4, Salts: The presence of easily soluble salts, 
like the chlorides, sulphates, bicarbonates, and 
carbonates of various metals, and of the less- 
soluble salts like calcium carbonate, gypsum, 
etc., have controlling effects on soil structure 
and vegetative cover. It is especially useful to 
know what correlations exist between salt con- 
tent and Pleistocene deposits of given age. 
Most recent studies of Pleistocene deposits give 
information of this sort. 

5. Leaching and weathering: It is useful to 
know the degree and kind of leaching and rock 
weathering in each deposit. Geological studies 
usually bring out this information in some 
degree; but some of the work on the Pleistocene 
is inadequate in this respect. The degree of 
leaching and weathering of Pleistocene deposits 
far from the limits of glaciation, as in the 
coastal-plain and river-terrace deposits of south- 
ern and southeastern States, gives clues to the 
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character of the parent material and of th 
length of time required for the formation g 
soils of given types. To what extent, for « 
ample, were the now-acid Pleistocene deposits 
formerly calcareous, and how deep has leaching 
proceeded? 

6. Stoniness: The degree of stoniness of sqj 
material affects the tillability of the soil, ang 
it is also important to engineers who expet 
to use the soil for construction purposes. Most 
Pleistocene geologic reports give attention tp 
the degree of stoniness of the deposits. 

Il. Recent Trends in Study of Physical 
Properties of Pleistocene Deposits.—Bushnel’s 
“The Story of Indiana Soils” (1944) gives ap 
excellent summary of the properties of Pleisto. 
cene deposits in Indiana that are significant 
to soil formation; and his key to Indiana soils 
shows the interrelations of these materials with 
natural drainage, topography, vegetation, and 
other features of the natural landscape, A 
similar trend of emphasis is noticeable in the 
study of soils throughout the United States as 
witnessed by many publications. The basic in- 
formation and most of the actual boundaries for 
Tecognizing and mapping the eolian deposits of 
Indiana are in Bushnell’ publication. Unfortu. 
nately, however, the material will not be fully 
usable for this purpose until a competent Pleis- 
tocene stratigrapher has gone over the ground 
with a soil scientist. Some of Bushnell’s aerial 
photographs show a gross pattern of dark soils 
in a polygonal network of depressions, with 
light-colored soils on micro-knolls between, that 
suggest relict effects of frost action. I believe 
that a careful study of the work of Troll (1944), 
Bryan (1946), and H. T. U. Smith (1928) may 
throw new light on the genesis of some of the 
“black and clay” soils of the north-central 
States. In many places frost action during late 
Pleistocene times may have contributed to the 
micro-relief so important to the formation ofa 
pattern of light and dark soils. 

A very useful booklet on permanently frozen 
ground and its effects on soils was compiled by 
the U. S. Geological Survey (1943) during 
World War II. The compilation covers studies 
made on the “active layer” of periodically 
thawed soils in the Arctic and Subarctic regions 
of Eurasia and North America. 

Zeuner (1945) also summarizes the effects of 
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freezing and thawing above a permanently 
frozen substratum and describes periglacial 
phenomena, like stone rings and soil polygons, 
that are still recognizable in present-day soils. 
Jeuner also recognizes the importance of the 
mineralogic composition of soil materials to the 
kinds of soils that are developed—e.g., parent 
materials of Podzol soils are dominated by 


oe D. Smith (1942) has published a very 
important recent study of the relations of soils 
to the thickness and texture of loess in Illinois. 
He found that soils with tight “claypan” 
subsoils are characteristic of thin loess, while 
less clayey and more friable soils are developed 
from thick deposits of the same loess sheet. 
His studies apparently demonstrate that 
weathering and soil formation kept pace with 
loess deposition where the loess is thin, but 
that soil development was retarded where loess 
is thick, because accumulation of eolian silt 
was more rapid than weathering. Hence, loess 
of the same geologic age is the parent material 
of soils of quite different stages of formation or 
degrees of development. 

Painstaking field studies of physical proper- 
ties of the so-called “‘Grundy soils” of Nebraska, 
made by Hayes in 1927 can now be interpreted 
to draw the same conclusions as those reached 
by Smith in Illinois. This interpretation of 
Hayes’ work is now leading to a much better 
understanding of the genesis of the extensive 
“claypan” soils of Nebraska, Kansas, and 
Oklahoma. Furthermore, because of these soil- 
loess studies, we are now learning to recognize 
eolian deposits far beyond the geographic limits 
shown on maps of loess deposits of the United 
States. 

Ill. Physiographic and Topographic Relation- 
ships.—The soil surveyor is guided in a general 
way by the topographic pattern when he draws 
boundaries between soil types. Where the Pleis- 
tocene deposits are complicated, topography 
may be inadequate as a guide for drawing soil 
boundaries, and an understanding of the strati- 
graphic sequence and of unconformities will 
goa long way toward making it possible for the 
soil surveyor to draw a good map in a reason- 
able time. 

Because of thei> relationships to the time 
factor and moisture effectiveness, physiography 
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and topography are almost as important to soil 
formation as is the character of the deposits. 
Modern soil surveys generally show much de- 
tail of slope gradients. Some attention also has 
been given to the texture or fabric of topog- 
raphy; that is to say, the length and pattern of 
slopes and the distribution of highs and lows 
which are significant to run-off, run-on, and 
water absorption in soils. Most Pleistocene geo- 
logical surveys also give information regarding 
the degree of slope and texture of the landscape. 
Soil scientists and geologists need to consult on 
this problem to determine the most practical 
classification for general use. The degree and 
character of slope have much to do with the 
rates at which water runs off or disappears into 
the soil. Many glaciated landscapes have 
myriads of depressions from which there is no 
natural surface drainage. The character of soil 
on a given kind of material depends largely on 
whether there is any means for. water to be 
drained out through subterranean aquifers. 
The moisture regime is one of the most im- 
portant factors in soil development and in the 
suitability of soils for use. This kind of in- 
formation is easily obtained by the soil scientist, 
and is also provided by glacial geologists. 

Cumberland (1944; 1947) demonstrates that 
geologic and geomorphic land characteristics in 
New Zealand had already loaded the gun for a 
cycle of catastrophic soil erosion ready for the 
white man to pull the trigger when he first 
brought his culture to the islands. Good land 
use is recommended instead of “fighting against 
nature,” to prevent complete ruin of the land 
in many parts of the country. This work is in 
line with the great stress currently placed in the 
United States on the effects of slope and soil 
character on the problems of soil erosion and 
conservation. Publications on soil erosion are 
almost beyond counting; but an excellent sum- 
mary of the soil conservation problem has been 
prepared by Mark Baldwin of the Food and 
Agricultural Organization of the United Nations 
(1948). 

It is of value to have some estimate of the 
geologic age or physiographic status of the 
present land surface. For example, is the present 
topography essentially as it was in Wisconsin or 
Illinoian times, or has post-Illinoian or post- 
Wisconsin dissection destroyed the old soil and 
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started a new cycle of soil formation? In 
eastern Nebraska, where several soils have 
developed primarily in Kansan till, only very 
small areas of the soils show evidence that they 
have been developing ever since the first ex- 
posure of Kansan till to soil-forming processes. 
Detailed physiographic studies will probably 
show that some soils on Kansan till began to 
develop at the end of the Iowan subage, where- 
as others began to develop at various times 
thereafter, the latest probably very recently. 
The evidence is in the depth of leaching and 
weathering and in the degree of development of 
soil profiles; but physiographic studies are 
needed to determine exact correlations and so 
to get some idea of the length of time required 
for profiles of given kinds to be formed. Evi- 
dence is already at hand that relationships 
exist between soil age and soil fertility. A 
knowledge of whether the present topography 
is constructional or destructional ‘gives a clue 
to soil age and rate of soil formation. 

The soil surveyor’s job is lightened consider- 
ably if he has advance information on the 
direction and extent of ice movement in glaci- 
ated areas, and the dominant sources of sedi- 
ments in alluvial and loessial deposits outside 
the regions formerly covered by glaciers. 

IV. Stratigraphic and Genetic Relationships 
of Pleistocene Deposits.—1. Stratigraphy: Many 
stratigraphic relationships of Pleistocene de- 
posits can be shown in cross section but cannot 
be shown on maps of the scale adopted for 
survey. Admirable treatment of this problem 
may be seen in the Pleistocene sections in the 
works of Kay (Kay and Pearce, 1920), Condra, 
Reed, and Gordon (1947), and a number of 
others in the United States. A great amount of 
similar work, much of it antedating that in the 
United States, has been done in several 
European and Asiatic countries. Zeuner (1935) 
and Flint (1947) give good summaries. Scales 
large enough to show the distribution of each 
Pleistocene deposit should be adopted where 
feasible. Otherwise, geologists might publish 
supplemental large-scale sample maps of small 
areas, selected to show the geographic and 
topographic relationships of each of the separate 
Pleistocene deposits. This sort of sample map 
would be especially useful in areas like eastern 
Nebraska and southwestern Iowa, where many 
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Pleistocene deposits are superimposed, With 
only very narrow outcrops. Soil scientists wig 
the aid of geologists have already made om, 
siderable progress on this type of investiga 
but most of the work is unpublished. 

2. Buried soils: The presence in Pleistogey 
deposits of buried soils, of leached ay 
weathered zones, and of buried loess is of greg 
significance to soil formation, especially jy 
deeply dissected country where such depogity 
crop out along the slopes. The degree ¢ 
weathering and leaching is related directly ty 
fertility problems in many areas. Many sj 
surveyors are not qualified to unravel th 
stratigraphic sequences of deposits in thee 
places, and a good Pleistocene map with dy 
grams and explanations helps the soil surveyor 
to understand what he finds in hilly country, 
and so to arrive at decisions as to how besttp 
classify the soils. Drilling programs, like thos 
of the Conservation and Survey Division of 
Nebraska, and other State and Federal agencig 
interested in ground-water studies, provide 
much incidental information of this kind. 

Although buried soils of many kinds an 
degrees of development have been observed and 
recorded in print in many different countries, 
we find few references in which the profiles ¢ 
the soils are described in sufficient detail to 
assure identification of the great soil groups to 
which the soils belong. One cannot always bk 
sure, for example, whether a dark buried soilis 
truly a Chernozem or whether it is a Wieser 
boden, or perhaps a buried Half-Bog soil that 
was developed in a wooded swamp. Zeune 
(1945) seems to have avoided the easy errord 
mistaking buried Wiesenboden for Chernozem, 
and he rightly warns against mistaking dak 
manganiferous layers for buried soils. However, 
he is mistaken in his statement that Chestnut 
soils are calcareous throughout, since many ¢ 
them are leached of carbonates to variable 
depths. His interpretation of dynamics i 
Chernozems seems faulty in that he assume 
upward capillary action to be responsible for 
the accumulation of carbonate of lime in th 
subsoil. Significant upward capillary movement 
would require a water table within 5 or 6 feet 
of the surface. This condition does not exist it 
most Chernozems. 

When one reads Erhart’s paper on a Pleisto 
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cene “paleosol” in the Bas-Languedoc (1940) 
one wonders whether the dark color of the soil 
developed in loose volcanic material is due to a 
former grassy vegetation as proposed by the 
quthor, or whether the volcanic materials may 
have caused organic material to accumulate 
from the partial decay of forest debris. Certain 
yoleanic ashes cause the formation of black 
humic soils, even under forest cover and with 
good natural drainage, with somewhat darker 
color and more humus than will develop in the 
Chernozem “steppe.” Generalizations about 
soils in relation to vegetation must be made 
only with consideration for all known facts. 

Kay’s publications on the gumbotil of Iowa, 
summarized first in 1916 and later in 1920 and 
1980 (17), indicate clearly that gumbotil is the 
product of soil-forming processes, even though 
Kay does not say in so many words that 
gumbotil is “fossil” soil or buried soil. He also 
makes it clear that some of the “gumbo” is 
developed in loess or other material that over- 
lies the till. 

Most writers on the Pleistocene of North 
America mention buried or “fossil” soils. For 
example, Lugn (1935), Condra, Reed, and 
Gordon (1947), Schultz and Stout (1945), Flint 
1947, pages 483-85), Thwaites (1941), Bryan 
(1948), and many others here and abroad use 
buried soils as stratigraphic markers. Of the lit- 
erature so far reviewed, however, only Bryan’s 
paper gives detailed descriptions of the buried 
soils adequate for sure identification of the great 
soil groups or for interpretation of the climatic 
conditions under which the soils probably de- 
veloped. The next step in this field is for 
pedologists to examine a large number of the 
buried soils, describe their morphology in de- 
tail, and collect samples for laboratory analysis. 
This will give a far better foundation for in- 
tetpretative studies than now exists. 

Thewriter has seen many places in the United 
States where soils apparently are relict rather 
than “fossil.” Physiographic evidence suggests 
that they began to develop during early or 
middle Pleistocene time and have been neither 
eroded nor buried. Their present characteristics 
have to be ascribed to all the conditions that 
have existed since they began to develop rather 
than only to those that now prevail. The fossil 
soils are those that have been preserved by 
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burial. The organic matter is modified and 
partly destroyed after burial, and some of the 
soils are modified further by oxidation, re- 
duction, solution, and precipitation. Major 
identifying characteristics usually are pre- 
served. This is a fertile field for research. 

Relict effects of past climatic and geologic 
history, involving the Pleistocene, in part, are 
discussed by Crocker in a series of papers on 
soils, ecology, and geology of parts of Austrialia. 
He demonstrates (1946) the importance of these 
studies to an understanding of widespread 
minor-element deficiencies in soils, especially 
those of copper and cobalt. 


“The most important paleo-pedological influences 
} sons (1) the building up of extensive calcareous 
dune systems and sand sheets during the Pleistocene 
glaciations, (2) the continuous influence 
of cyclic salt, and (3) a severe post- ial arid 
period.” (p. 5) 


He mentions the importance of loess, blown 
from calcareous sand, as a source for lime-car- 
bonate concretions in “mallee’’ soils. 

Another Australian pedologist, C. G. 
Stephens, has contributed a number of papers at 
least one of which bears on the effects of relict 
soils on the genesis of soils in “recent” times. 
Among these, his Pedogenesis following the dis- 
section of lateritic regions in Southern Australia 
shows how Pleistocene erosion has dissected the 
old laterite-soil plains and exposed, on the 
slopes, the various layers or horizons of the 
ancient laterite soil with its subsoil of kaolinite. 
The character of the colluvial and alluvial soils 
below the slopes, as well as the residual soil on 
the slopes, is affected by the mineral poverty of 
the laterite soil. New soils from old ones, in this 
instance, are poor indeed! 

3. Climatic and ecologic fluctuations: Some 
soils, now at the surface, have been in process of 
development since before the Wisconsin Glacial 
age, and others date back even as far as Pliocene 
times. These older soils have passed through 
several fluctuations of climate and several 
ecologic successions which certainly must have 
altered the rate and direction of development. 
A better understanding of climatic-ecologic 
fluctuations and of the old soils related to them 
doubtless could be reached by co-operative 
studies and would contribute to the solution of 
practical problems in land use. The extensive 
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literature on past climatic changes has not been 
sampled sufficiently to be reviewed by the 
present writer. One very short but interesting 
paper in this field (Veatch, 1938) suggests that 
the strongly developed orterde and orstein hori- 
zons of Podzol soils in Michigan are strong 
evidence of a former moister climate than the 
present one. He believes that a high degree of 
humidity is required for the formation of 
Podzol profiles with horizons of these kinds. 

V. Subjects that will Contribute to Our 
Knowledge of Sotl Genesis and Rate of Soil 
Formation.—Many loose statements have been 
released regarding the length of time required 
for a given thickness of soil to form, the most 
frequently quoted one being that “it takes a 
thousand years to make one inch of soil.” 
Obviously this sort of statement without clari- 
fication is not only meaningless, but is actually 
misleading. Nearly everyone knows that several 
inches of soil can be formed in some materials 
in a matter of 5 to 50 years, while some other 
kinds of materials could not possibly produce 
an inch of soil in 10,000 years. Lines of study 
that would contribute greatly to our knowledge 
as to the rate of soil formation are as follows: 

1. Soil profiles of known ages as determined 
by studies of tree rings, varved clays, and 
archaeologic sites of known antiquity should be 
studied and described by soil scientists in 
co-operation with geologists to determine the 
rate of soil formation and the character of soils 
that can be developed in a given length of time 
under a given set of environmental conditions. 
Bryan and Albritton (1943) did some pioneer 
work in this field that offers a promising tech- 
nique. Their work covered soil development 
that can be dated historically. 

2. The study of pollens in “fossil” soils or 
buried soils should be made to determine the 
probable climatic conditions under which these 
soils have formed. A comparison of these buried 
soils with those that can be dated in terms of 
years should enable soil scientists and Pleisto- 
cene geologists to make better estimates of 
the length of time represented by soils formed 
between times of glaciation. Allowance must be 
made for climatic fluctuations. By close co- 
operation with soil scientists and geologists, it 
is believed that the approximate rates of for- 
mation of soils of different types can be de- 
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termined. With this information, it wil] 
possible to estimate the ages of our present sok 
and also to fix more accurately the rates ¢ 
erosion of the general land surface. Studies g 
this sort should make it possible to estimate th. 
extent to which old land surfaces that hay 
remained essentially uneroded for long perigg 
have been mantled by glacial, eolian, or alluyij 
deposits at fairly recent times. Some of the very 
thin mantles are hard to identify, but they hay 
rejuvenated ancient soils that would otherwig 
be low in fertility. 

3. More emphasis is needed on Pleistocen 
studies outside the glacial and periglacial (log, 
and outwash) deposits of the United States, fp 
determine the relative and, to whatever extent 
possible, the actual ages of deposits in whid 
soils are forming. Many differences in crop 
yields and suitability of land for use are not 
reflected clearly in the visible characteristics ¢ 
the soil profiles. Doubtless some of these dit 
ferences are related to the age of the deposits 
the younger deposits having deteriorated ley 
than older. Problems of this sort are not om 
fined to lower terrace levels of streams, but ar 
also common on the uplands where eolia 
deposition or erosion and redeposition har 
been active in the Pleistocene epoch. The 
geologist can be of considerable help to the sal 
scientist in working on problems of this nature, 

4. The Pleistocene loess deposits of North 
America, as a group, are among the mot 
extensive soil materials of the continent. Th 
total area of loess in the United States may 
equal to surpass the total area of stricily 
glacial deposits. 

Soil scientists have contributed moreinreceat 
years to the study of loess than have geologists 
There is need for more co-operative work in the 
field, so that the geologist can bring his ted 
niques to the problems of sources, relative 
age, thickness, and composition of the loes 
The soil scientist can contribute his knowledg 
of the relationships of soil-profile character 
istics to the factors of time, vegetation, climate, 
and moisture regime as affected by topography. 
Fortunately, geologists in several States af 
again active in the field of eolian deposits, and 
co-operative work is proceeding along the line 
suggested above. Both geology and soil scien 
are fully represented in the newly formel 











National Research Council Committee on the 
Study of Eolian Deposits of the United States 
and Canada. 

Brown and Thorp (1942) made field and 
laboratory studies in 1942 of the soils of the 
Miami family and Miami Catena in which 
considerable emphasis was placed on the 
relationships of soil characteristics to Pleisto- 
cene deposits. Laboratory evidence was of- 
fered to show the possibility of loess as a soil 
material in parts of Indiana and Ohio, where 
it has not been generally recognized by geol- 
ogists and soil scientists. 














States, to CoNTRIBUTIONS OF SoIL SCIENCE TO 
yer extent PLEISTOCENE GEOLOGY 

in whic 

in ew Soil scientists have gathered a vast store of 
2 are not information on soils, much of it applicable to 
ristics of in Pleistocene research. More than 
hese di. half of the arable land of the United States and 
deposits, considerable nonarable land has been covered 
ated les by soil surveys of varying detail. It is estimated 
not oop. § that in more than half, and possibly in as much 
, but are as two-thirds of the area surveyed, soils are 
e colin | developed in Pleistocene deposits. Thousands of 
on have chemical and mechanical analyses are on file, and 
ch. The § ¢ large share of them have be published. Soil 
the soi) scientists have done a great amount of pioneer 
nature, | 'aboratory work in the field of clay types and 
f North @ t™ck weathering. All of this store of information 
e mot | SW material available and waiting for the use 
nt. The @ % the Pleistocene geologist. It will attain its 
es may fp sreatest practical and scientific usefulness only 
strictly when soil scientists, geologists, agronomists, 

foresters, biologists, geographers, and engineers 

nrecent @ POO! their fields of knowledge and work out 
ogists. systems of classification and correlation that 
c in the ill meet the needs of all. 
tech ‘Extensive summary statements on the mor- 
relative fg Phology, genesis, geography, and classification 
» loess f° Soils, including some reference to Pleistocene 
wledge geology, may be seen in the following 
racter [g Publications: 

limate (l) Soils of the United States by C. F. 
raphy. Marbut (1935), includes a discussion of the 
es an “phology, genesis, and geography of soils 
is, and j@ of the United States, and a map of tne major 
elinsim Sols, scale 1:2.5 million, by Marbut and 
cient © Marschner. It is a summary of the soil data 
ormed#™ from hundreds of Federal-State soil survey maps 
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and reports, and of Dr. Marbut’s extensive 
field work in the United States carried out 
while he was Chief of the Soil Survey. 

(2) Soils and Men, the 1938 Yearbook of 
the U. S. Department of Agriculture (1938), is 
devoted to the investigation, classification, 
and use of soils. It is the best summary of the 
work of agricultural soil scientists in Federal 
and State Government service. 

(3) Kellogg’s The soils that support us (1941) 
includes a clear, concise, and readable semi- 
technical introduction to soil science, and a 
treatment of the relationships of man tothesoil. 
This is an excellent summary for the busy 
reader. 

(4) The principles of soil science by ’Sigmond 
(1938) fulfills its title admirably. ’Sigmond 
offers a unique classification of soils that em- 
bodies many good points of other European and 
American soil scientists. His work in the field 
of grassland and alkali soils is especially good, 
partly because it is based on his own field and 
laboratory work in Hungary. His book includes 
a valuable small-scale map of the soils of 
Europe. 

(5) Robinson’s Soils, their origin, constitution 
and development (1936) and Sir John Russell’s 
Soil conditions and plant growth (1937) together 
present a good cross section of soil science in 
Great Britain. Both books have wide circulation 
and use throughout the world. New editions of 
both are now in preparation. Geologists prob- 
ably will find the former more useful than the lat- 
ter for interpreting Pleistocene soil phenomena. 

(6) Glinka’s Die Typen der Boden-bildung 
(1927) translated to English by Marbut, is the 
classical western-language summary of Russian 
contributions to soil science. It emphasizes the 
great importance of climate, vegetation, and 
time as factors of soil formation. Stebutt’s 
Lehrbuch der aligemeinen Bodenkunde (1930) is 
another excellent summary of Russian soil 
science, with emphasis on morphology, genesis, 
classification, and dynamics. Stebutt’s book 
develops the concept of zonal, intrazonal, and 
azonal soils that has proved so useful to 
American soil scientists. 

(7) Joffe’s soil text, entitled Pedology (1936), 
is valuable, especially for its summaries of the 
Russian literature and for its discussion of soil 
phenomena in the tundra regions where sub- 
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soils are permanently fozen. There is much 
additional valuable material in the book. Many 
soil scientists disagree with some of Joffe’s 
interpretations of soil descriptions taken from 
Federal-State soil survey reports. For example, 
we do not know any correlator who would 
classify Idaho’s Portneuf silt loam as a Solonetz 
(p. 159). It is generally recognized to be a 
Sierozem, or light-gray zonal soil of the semi- 
desert. This kind of error emphasizes the need 
for standardization of soil terminology. 

(8) Geography of the soils of China, by Thorp 
(1936), is a summary of 2} years of field studies, 
supported by data from the soils laboratory of 
the National Geological Survey of China. The 
effects of vegetation, climate, topography, and 
time on the formation of soils from various 
kinds of rock are discussed, and a schematic 
map of the soils of China is included. Con- 
siderable attention is given to various Pleisto- 
cene deposits, especially the loess, and their 
relationships to soils; but no attempt is made to 
outline Pleistocene stratigraphy or to correlate 
Pleistocene deposits of China with those of 
other countries. Great emphasis is laid on man 
as a factor, both in soil formation and in soil 
destruction. Relationships between soils and 
human nutrition and health are stressed. Soil 
classification is based partly on American, 
partly on Russian, and partly on Hungarian 
systems. Most of the great groups described are 
recognizably similar to those published later in 
Soils and Men (U. S. Dept. Agriculture, 1938). 

(9) Pendleton’s translation of E. C. J. 
Mohr’s The soils of equatorial regions (1944) is 
especially valuable for its justified stress on the 
great variety of soils that occur under equatorial 
climates. It presents an independent viewpoint 
on processes and factors of soil development. 
Except for his association with Dutch col- 
leagues, Mohr spent most of his career in 
isolation from European and American soil 
scientists. Hence, he developed several hy- 
potheses and theories that are somewhat at 
variance with those generally held by tem- 
perate-zone soil scientists. For example, he 
postulates that the first illuvial horizon of soil 
developed in volcanic ash is formed at greater 
depth than illuvial (I) horizons developed 
later on. His first “I-horizon” (B horizon in 
Europe and United States) is near the water 
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table, his second is above the first, and the th; 
is above the second—just below the E or 
vial horizon (A horizon in Europe and Upj 
States). Geologists will need to balance 
views against those of soil scientists whose 
has been mainly in cooler climates. 

(10) Jenny states that his text, Fada, 
soil formation (1941), “. . attempts to 
soil data into a comprehensive scheme 
on numerical relationships.” Time, 
material, topography, climate, and i 
are recognized as the major factors of sj 
formation; the author has summarized th 
numerical data on the effects of each of thes 
factors on soils. One advantage claimed for this 
approach is that functional analysis frees the 
worker from theories. Whether or not om 
agrees with all of Jenny’s conclusions, I b. 
lieve the geologist will find this little book a. 
of the best aids to an understanding ¢ 
soil formation. 


PROGRESS IN CO-OPERATIVE Worx 


1. Co-operative work, partly formal and 
partly informal, among geologists and sol 
scientists of State and Federal agencies has 





been in progress for many years, and the present 
trend is toward more co-operation. Some of this 
co-operation involved work with archaeologists 
and geologists in the Far West, the Southwest, 
and the Central States. 

2. During the war, geologists and sal 
scientists co-operated closely in the preparation f 
of reports on terrain characteristics of areas 
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scheduled for battle. The results were far better Be: 


than they would have been if either group d 
scientists had attempted to do the job alone. 

3. The General Geology Branch, U. S. Geo 
logical Survey, has a geologist assigned to 
headquarters in the Beltsville office of-th 
Division of Soil Survey, Bureau of Plant In 
dustry, Soils, and Agricultural Engineering, 
U. S. Department of Agriculture, to help 
soil-survey parties solve their geological prob 
lems in critical areas. 

4. Co-operative investigations seem to work 
out especially well where soil survey and gee 
logical survey personnel are headquartered 
where frequent consultation is possible; but 
the most important consideration is the real 
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soils are permanently fozen. There is much 
additional valuable material in the book. Many 
soil scientists disagree with some of Joffe’s 
interpretations of soil descriptions taken from 
Federal-State soil survey reports. For example, 
we do not know any correlator who would 
classify Idaho’s Portneuf silt loam as a Solonetz 
(p. 159). It is generally recognized to be a 
Sierozem, or light-gray zonal soil of the semi- 
desert. This kind of error emphasizes the need 
for standardization of soil terminology. 

(8) Geography of the soils of China, by Thorp 
(1936), is a summary of 23 years of field studies, 
supported by data from the soils laboratory of 
the National Geological Survey of China. The 
effects of vegetation, climate, topography, and 
time on the formation of soils from various 
kinds of rock are discussed, and a schematic 
map of the soils of China is included. Con- 
siderable attention is given to various Pleisto- 
cene deposits, especially the loess, and their 
relationships to soils; but no attempt is made to 
outline Pleistocene stratigraphy or to correlate 
Pleistocene deposits of China with those of 
other countries. Great emphasis is laid on man 
as a factor, both in soil formation and in soil 
destruction. Relationships between soils and 
human nutrition and health are stressed. Soil 
Classification is based partly on American, 
partly on Russian, and partly on Hungarian 
systems. Most of the great groups described are 
recognizably similar to those published later in 
Soils and Men (U. S. Dept. Agriculture, 1938). 

(9) Pendleton’s translation of E. C. J. 
Mohr’s The soils of equatorial regions (1944) is 
especially valuable for its justified stress on the 
great variety of soils that occur under equatorial 
climates. It presents an independent viewpoint 
on processes and factors of soil development. 
Except for his association with Dutch col- 
leagues, Mohr spent most of his career in 
isolation from European and American soil 
scientists. Hence, he developed several hy- 
potheses and theories that are somewhat at 
variance with those generally held by tem- 
perate-zone soil scientists. For example, he 
postulates that the first illuvial horizon of soil 
developed in volcanic ash is formed at greater 
depth than illuvial (I) horizons developed 
later on. His first “I-horizon” (B horizon in 
Europe and United States) is near the water 
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table, his second is above the first, and the third 
is above the second—just below the E or elu. 
vial horizon (A horizon in Europe and United 
States). Geologists will need to balance Mohr’s 
views against those of soil scientists whose work 
has been mainly in cooler climates. 

(10) Jenny states that his text, Factors of 
soil formation (1941), “. . attempts to assemble 
soil data into a comprehensive scheme based 
on numerical relationships.” Time, parent 
material, topography, climate, and organisms 
are recognized as the major factors of soil 
formation; the author has summarized the 
numerical data on the effects of each of these 
factors on soils. One advantage claimed for this 
approach is that functional analysis frees the 
worker from theories. Whether or not one 


agrees with all of Jenny’s conclusions, I be- | 


lieve the geologist will find this little book one 
of the best aids to an understanding of 
soil formation. 


PROGRESS IN CO-OPERATIVE WoRK 


1. Co-operative work, partly formal and 
partly informal, among geologists and soil 
scientists of State and Federal agencies has 
been in progress for many years, and the present 
trend is toward more co-operation. Some of this 
co-operation involved work with archaeologists 
and geologists in the Far West, the Southwest, 
and the Central States. 

2. During the war, geologists and soil 
scientists co-operated closely in the preparation 
of reports on terrain characteristics of areas 


scheduled for battle. The results were far better | 


than they would have been if either group of 
scientists had attempted to do the job alone. 

3. The General Geology Branch, U. S. Geo- 
logical Survey, has a geologist assigned to 
headquarters in the Beltsville office of the 
Division of Soil Survey, Bureau of Plant In- 
dustry, Soils, and Agricultural Engineering, 
U. S. Department of Agriculture, to help 
soil-survey parties solve their geological prob- 
lems in critical areas. 

4, Co-operative investigations seem to work 
out especially well where soil survey and geo- 
logical survey personnel are headquartered 
where frequent consultation is possible; but 
the most important consideration is the reali- 
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